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Abstract

This thesis presents the tools necessary to transform

spectral data from diatomic molecules into potential energy

curves which are most consistent with the experimental data

and the quantum mechanical model (i.e., the Schroedinger wave

equation (SWE)) for a diatomic molecule. The first of these

tools, a computer program called DUNCON, generates spectro-

scopic constants by performing least-squares fits to spectro-

scopic data. The program performs fits to separate groups

of data and then merges the results in a manner based upon

the relative errors and correlations of the separate data

sets. The second tool is a computer program provided by

C. R. Vidal which contains two major routines. The first

routine generates potential energy curves using the Rydberg-

Klein-Rees (RKR) method. The second routine through an

inverted perturbation analysis (IPA) adjusts the RKR curve so

it is consistent with the SWE model. Finally, techniques

are presented for extending potential energy curves to the

dissociation energy, De , when the spectroscopic data alone

is inadequate for the purpose./

Use of the programs is demonstrated for the diatomic

molecule lead-oxide. Constants are produced for the A, B,

D, a, b, and X states from previously published experimental

vii



data. A new set of assignments is made for the b state

experimental data producing constants with significantly

improved accuracy over those reported in literature. The

b state constants are:

Te = 16325.1±11.2 cm 1

We = 430.99±2.47 cm

WX = -0.757±0.441 cm
- 1

e e

These are one standard error limits. Potential energy curves

are generated for the a, A, and X states of lead-oxide. The

X state potential energy curve is extended to its dissociation

energy.

C viii
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NUMERICAL METHODS FOR THE PREPARATION

OF POTENTIAL ENERGY CURVES OF

DIATOMIC MOLECULES

I Introduction

The construction of accurate potential energy curves

is essential to the understanding of data gathered in pur-

suits ranging from the study of gas kinetics to the study of

stellar structures. Potential energy curves are used to

calculate Franck-Condon factors which can be used to predicti

the probabilities of an electronic transition. Discussed in

this paper are Dunham coefficients with the corresponding

model used to represent experimental data. A computer program

called DUNCON is developed for generating a minimum-variance

linear unbiased (MVLU) fit to independent sets of spectro-

sr-oic data. This program has a provision for merging these

fits, as appropriate, to obtain weighted, correlated estimates

of constants for data sets which exhibit different accuracies

or are correlated. The Rydberg-Klein-Rees (RKR)method of

generating potential energy versus internuclear separation

curves is presented. A computer program which performs RKR

calculations and then uses an inverted perturbation approach

(IPA) (Ref 23) to improve the accuracy of the RKR curve is

r 1
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discussed in detail. The RKR-IPA program was developed by

C. R. Vidal and H. Scheingraber (Ref 41). Utility of the

programs is demonstrated using data reported for the diatomic

molecule lead oxide (PbO).

The accuracy of any potential energy curve depends

upon the analytic model used to represent experimental data

and the manner in which the constants in the model are

generated. The Dunham model was chosen to represent the data

because of the large number of terms that can be incorporated.

The RKR method is a semi-classical WKB method which

has been shown to agree quite well with quantum mechanical

calculations for simple molecules (Ref 34). Because of its

accuracy, it has been chosen by several researchers to ascer-

tain the accuracy of other methods such as the Morse formula

for generating potential curves (Refs 47 and 32).

A recent improvement on the RKR method, though still an

approximate method, is the IPA approach which starts with an

RKR curve and adjusts it to obtain an approximate but more

accurate solution to the Shroedinger equation.

Methods developed by Leroy, by Tellinghuisen, and by

Vidal and his coworkers are discussed. These methods can be

used to extend potential energy curves when the available

experimental data does not cover the entire range of the

potential curve.
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II Literature Background and Theory

Modeling Spectroscopic Data for

Diatomic Molecules

Spectroscopic data resulting from the emission of

energy by a diatomic molecule during a transition from an

excited electronic state to a lower state may be represented

as follows:

v (v',J',v",J") = T'(vA,J ) - T"(v",J") (1)

where v is the observed line frequency in wave numbers, and

the term values for the upper and lower electronic states,

T' and T" respectively, are represented by the Dunham type

expression:

T(v,J) = E A.. (v + 1/2)1 JJ (J + 1) j  (2)

(Ref 48:1866).

Although Eq (2) has the same form as that associated

with the Dunham coefficients, Yij, (Ref 18), i.e.,

T(vJ) = E Y . (v + 1/2)1i J (J + 1 )J (3)
ij

researchers M. M. Hessel and C. R. Vidal make the distinction

that their Aij values are not necessarily identical to

Dunham's Yi 's (Ref 22:4443).

3



Dunham arrived at the expression in Eq (2) by using

*- the Wentzel-Brillouin-Kramer method (WKB) (Refs 51; 9 and 29)

to solve the Schroedinger equation for the rotating diatomic

vibrator for the energy levels within one electronic state:

d2  + 87r 2 re [E - V( ) - h2 J(J+l ] 0

+ h8ir 2 r 2 (1+0) (4)

where:

= (r - re)/re

re = the equilibrium nuclear separation

= the reduced mass

V = potential of the function, with a minimum at re

Vr = the last term which is due to the centrifugal

force of rotation.

He expressed the potential energy by expanding V about

0

V = hca 0c 2 (l + a, E + a 2  2 + a 3  3 + ... ) (5)

where ao = w 2/4B ; w is the classical frequency of small

h 8e e e

oscillations expressed in cm-1 and Be = h pre C)

(Ref 18:732). Finally, he obtained expressions for the Yi 's

in terms of the ak's in Eq (5).

Hessel and Vidal distinguish their constants, Aij

i." from the Dunham constants, Yij , by pointing out that the

latter are theoretically derived, while the A ij's are the

results of a least-squares fit. Inherent in the least-squares
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fitting procedure is the fact that the Aij coefficients

absorb the effects of inaccuracies in the data, and are somewhat

dependent upon the values of their neighboring constants and

upon any missing constants (Ref 22:4447). For these reasons,

the A.i's are only estimates of the theoretical Y

derived by Dunham.

Some further discussion of the AiJ and Yi. con-

stants is appropriate. First, a listing of the correspondence

of Dunham's constants and the classical spectroscopic constants

is desirable. They are given in Table I-1.

TABLE I-1

Correspondence Between Dunham Coefficients and
Classical Spectroscopic Constants

SY0 Y0 2 Be  Y02 D eY0 3 n FY0 0 H

Y W e Y11%- e Y12 ae

Y 2 0  -WeXe  Y 2 e

Y 30 Weye

Y0 W WeZe

*Y00  is defined as:

YO0 = 1/4 Y2 0 + 1/4 Y01 ((YllYl 0/(6 Y 1)) - 1)2 (6)

This is the expression normally reported in the literature

based upon the work of Dunham (Ref 18), although the expression

for Yoo is not explicity stated in Dunham's work. Sandeman
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(Ref 40) and Jarmain (Ref 25) expand on Dunham's work. Using

this material, the expression given in Eq (6) can be verified.

In addition to this derivation, the expression for Yoo was

found in the following works: (Refs 49; 28:325; 35:117;

and 41:4450). The expression for Y00 was found to be in

error in two publications. First, Herzberg's Y00  is larger

than that in Eq (6) by +3/4 Y20  (Ref 21:109). Second, in

McKeever's work, due to a typographical error, "+1/4 Y20"

was omitted (Ref 3:47). The works of Sandeman and Jarmain

compliment Dunham's work, making easier the understanding of

Dunham's work.

Returning to Eq (1), it should be noted that when a

least-squares fit is performed using Eq (2), the bottom of the

potential energy curve of the lower state is typically assigned

* a value of "0." This is done by omitting the A 0 term from

the fit. When AOo is found from the least-squares fit, it

is not equivalent to Dunham's Y o for the upper state. For

this reason, Vidal assigns an asterisk to A o and calls it
~*

Aoo . This term is made up of three components as shown

(Ref 44):

*

Ao0 = A o + Te - Ag0  (7)

A'o and Ago are estimated from Eq (6). These A'o and

Al. are then the best estimates of Dunham's Y~o and Yfo

Eq (7) can be solved for Te'" , the electronic term energy of

the upper state:

C 6



Te = Aoo - Aoo + Ago (8)

In applying Dunham's expression, one should be aware

of its inadequacies. Expressions such as the Morse potential

(Ref 21:57):

U(r-re) = De (I - exp(-B(r-re))2  (9)

are constructed to guarantee that as r - re , U - 0 and as

r - , U approaches the dissociation energy, De  . Eq (5)

on the other hand does not necessarily satisfy these two

criteria. Sandeman showed that if Morse's equation is expanded

about (r-re ) = 0 , it takes on a form similar to Dunham's

Eq (5), but is expressed in terms of two constants and addi-

tional numerical coefficients as follows:

U = ao(l- a +0.583a 2 - 0.250a +0.086a4

... ) (10)

A comparison of Eqs (5) and (10) shows that Dunham's expres-

sion is a more general form of Morse's equation. Sandeman

also applies a similar expansion to an equation for potential

energy developed by Kratzner (Ref 30) and obtained a similar

correspondence with Dunham's expression. Because of the

increased number of variables and, in turn, the increased

flexibility, Dunham's expression has the potential for being

more accurate. But, because of this freedom, obtaining

constants which satisfy the convergence criterion is more

difficult and is not guaranteed for large values of r or v

L7
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Jarmain made a term-by-term comparison of similar

* expressions developed from Dunham's work and by the RKR method

and showed tha upon neglecting Dunham's small corrections,

the potentials produced by the two are mathematically identical

(Ref 25:217). Based upon this, the use of Dunham's expression

(Eq (3)) to represent spectroscopic data for input to an RKR

program for generating potential curves is justified and

appropriate.

In applying Dunham's expression, one should remember

that his equations are developed for small oscillations about

re . At energy levels approaching the dissociation limit,

Eq (2) may no longer be appropriate. Eqs (1) and (2) are

for simple cases. In cases where A-type doubling occurs,

or where isotopic effects are being considered, more complex

models must be substituted for Eqs (1) and (2). Works cited

in the bibliography by Vidal and his coworkers present varia-

tions of Eq (2).

Spectroscopic Constants by Merging Least-

Squares Fit Data

The large quantities of data obtained in a spectro-

scopic analysis requires that the data be reduced to a more

manageable form. For example, Eqs (1) and (2) in the previous

section are used to calculate reportable constants. To make

these models usable, the Ai coefficients must be determined.

The most widely used method of generating these coefficients

C 8



is to perform a linear least-squares fit to the experimental

data. For spectroscopic data, a model is created, typically

involving a power series expansion based upon the rotational

and vibrational quantum numbers as expressed in Eqs (1) and

(2). If only band head data is being analyzed, the model

takes the following form:

=_ E V+ 1/2) - E A"0 (v" + 1/2 (i11io I /)

If several different transitions are involved,

different values of the At ground state constants may be

obtained. In addition, the accuracy of the Al's may be

different. It is desirable to merge these constants and obtain

a best estimate of the ground state constants. This can be

done by accomplishing a weighted least-squares fit of the data.

Such a merging can produce more accurate estimates of the con-

stants and reduce the error limits associated with them. The

merged fit may also improve the upper state constants.

Merging may also be desirable for the case when two

groups of data are available with significantly different

standard errors. For example, if infrared data for vibration-

rotation band transitions and microwave data for transitions

between adjacent rotational levels are available, the greater

accuracy of the microwave data can improve the accuracy of the

other constants if a weighted merged fit is performed.

There are other methods of data fitting available.

These methods include least absolute deviation, least-squares

(1 9



deviation, maximum likelihood, and minimum chi-squared. All

have different fit criteria (Ref 2:3). Also, nonlinear least-

squares fits are possible (Refs 4 and 15). The present report

deals only with the least-squares fit techniques.

The least-squares method or "regression" method

minimizes the sum of the squared deviations between observed

values and values calculated using the constants obtained

from the fit. The least-squares method provides the minimum-

variance linear unbiased (MVLU) estimates of the constants;

that is, the least-squares method introduces no bias. The

fits produced are linear functions of the data. When the

fit is used to reproduce data, the generated data exhibits

the smallest possible variance from the original data that can

be achieved with the model and data used (Ref 2).

In performing a least-squares fit, the following

assumptions are made:

1. The model (equation) chosen tc represent the data

is a perfect description of the physical event.

2. The model is linear in the constants to be

estimated.

3. The mean error of the experimental data is zero.

Any systematic error present must be small compared to the

variances and random errors of the data.

4. The variance-covariance elements must be finite

and their relative values known if different groups of data

are to be merged (Ref 2:7).

C10



In reducing spectroscopic data, three methods are

available:

1. The reduction of each band, i.e., each a group of

transitions from one electronic state to another, separately.

2. The reduction of a number of bands simultaneously.

3. The reduction of the bands separately and then

merging the resulting data.

The first and third techniques are developed in this

paper. The method of approach is now described. Least-squares

fitting techniques are based upon the following matrix equation:

V = X3 + E (12)

where v is a column matrix containing the experimentally

observed line frequencies expressed in wavenumbers, X is

a matrix made up of the (v + 1/2) and the J(J + 1) terms

as dictated by the model in Eqs (1), (2), or (11) as chosen.

3 is a column matrix made up of the A.. constants which are
1)

to be calculated. The c column matrix contains the unknown

* errors associated with each observed experimental data point.

*These matrices are written out explicity in Appendix A to

aid the user in understanding the program DUNCON.

Eq (12) is then solved for 8 as:

8 (XT X)_1 XT V (13)

* C 11
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The estimated variance of the fit is expressed as follows:

02 = (v _ XB) T  (V - XB)/fm (14)

where fm is the degree of freedom of the calculation. The

degrees of freedom, fm , is equal to the number of experi-

mental values v used in the fit minus the number of constants

to be obtained in the 6 matrix. The variance-covariance

matrix for the constants obtained in Eq (13) is calculated by

the following relation:

e = C2 (XT X)-1 (15)

The diagonal elements of the a matrix are thevariances of

the constants and the off diagonal elements are their covari-

* ances. The correlation between the calculated constants is
4

expressed by the correlation coefficients which are obtained

using the variances and covariances in the following manner:

Cij = ij/(Eiiej) 2  (16)

The subscripts refer to the two constants for which the co-

efficient expresses the correlation.

As mentioned earlier, the performance of separate fits

to each band will yield several values for the constants

associated with the lower electronic state. The variances

for different bands may also differ significantly. If the

variances of the bands are the same, the data can be combined

12
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in one large data group and reduced simultaneously. If

estimates of the errors are available, a weighted fit based

upon the error may and should be performed.

Albritton describes an approach, the correlated

least-squares fit, which is more general than the weighted

least-square fit (Refs 2 and 3). Albritton showed that one

need not use all raw data at one time to obtain a merged fit.

He showed that a weighted simultaneous multiband fit and a

merged band-by-band fit are equivalent. The merged fit is

presented in this paper.

The bands or other groups of data are first reduced

in a least-squares manner as previously discussed.

Then the data obtained in the initial least-squares

fit may be expressed in the following manner:

y = X8M + S (17)

where y is a column matrix made up of the constants obtained

from the separate least-squares fits and 8M  is a column

matrix which will hold the desired merged constants. The

y matrix will often contain several values for the same

constant. Each constant will be represented only one time in

Mthe a matrix. The X matrix relates the redundant values
' BM

in the y matrix to the corresponding constants in the

matrix. Explicit examples of these matrices are given in

Appendix A.

13
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To perform a weighted, correlated least-squares fit, a

matrix composed of the variance-covariance matrices from a

separate least-squares fit is required. This matrix is given

the symbol "81." It is structured as follows:

810 0

61 = 0 02 0 (18)

where 61 , 62 and 83 are the variance-covariance matrices

of Eq (15). The formula required to obtain the merged con-

stants is as follows:

8M=(xTGiIX)- xToi-Zy(9

( 61-I)-1 X 1 y (19)

The estimated variance of the new merged fit is given by:

2 = (y - x1MTei -1 (y - X M)/fm (20)

where f m is the degree of freedom. The variance-covariance

matrix of the merged constants is obtained by the following

calculation:

6 M = ao2(xT6I-'zX) "z  (21)

The formulas are discussed in future detail in the appendices.

As in all analysis, the data should be checked to

insure that the errors predicted by the least-squares fit

follow a normal distribution pattern. Albritton provides a

14



fairly complete discussion of the checks commonly used

(Ref 2:14-31).

Having established that the errors of the data are

normally distributed, one should then construct confidence

limits for the constants based upon the degrees of freedom

and the confidence one wishes to have that the true value

is within the assigned limits. The placing of too much

reliance upon error limits specified by one standard devia-

tion, lxO , should be avoided. Even if a large sample of

data is taken, one can only be about 68% certain that the

"true value" lies within a range of ±lx60. . If a 95%

confidence level is desired and the degrees of freedom, f ,

is greater than 30, one must assign limits of ±2xe

iiiThe multiplier of 0.is student's t-factor. It is named

after its originator, W. S. Gosset (1876-1937). It is a func-

tion of the degrees of freedom of the calculation and the

desired confidence level, "l-A." Dixon and Massey (Ref 17)

give a tabulation of student's t-factor as a function of the

degrees of freedom and the degree of confidence. The confi-

dence limits for the constant are then expressed as follows:

B + t(fm, i- )8O. (22)

Having established the limits one can assume that the proba-

bility of the true value of falling within the limit

±teO. is "l-a" where a may vary between 0 and 1.

III I I II I I -- I- " . - - . " .- - "



With the confidence limits for the estimated constants

properly established, one can then determine if the constants

are significant (Ref 27). For example, if a constant has a

value of 3 and an assigned error limit of ±5, the range in

which the true value of the constant might be found is -2 to

+8. This range includes 0; hence, the constant is notJ
significant. If the assigned confidence limits, 3i±te

includes zero, then the constant is insignificant and may

normally be discarded. Two exceptions to this rule may be

encountered.

The first exception concerns the case where a non-zero

correlation between two molecular constants exists. If non-

zero correlation coefficients are involved, standard errors

must be calculated using the most general formulation involving

both variances and covariances. If larqe correlations exist,

the rounding of a constant to the number of significant digits

dictated by the standard error of the constant, may result in

loss of information, i.e., rounding may introduce unnecessary

inaccuracies into the calculated data (Ref 2:2).

Albritton sui7gests that one digit beyond the "one

standard error digit" should suffice for most fits. A simple

check is to use the rounded constants and see that they repro-

duce to some desired accuracy the values calculated using the

kunrounded constants obtained from the fit.

The second exception occurs, where it may prove

necessary to retain a constant when not justified by the standard

16



error, in the extension of the potential curve to its dissocia-

tion limits (Ref 10:83).

Before merging data from separate least-squares

fits, a check should be made for systematic errors. A simple

check is to verify that for a given set of confidence limits,

say 95%, the error limits for the common constants obtained

in two independent fits overlap each other. If they do not,

then it is probable that one set contains a systematic error.

A second more sophisticated test involves the computation

of the confidence limits for the differences for pairs of

corresponding constants checking to see if they include zero

(Ref 2:45). Calculation of the confidence limits of

differences involves student's t-factor and methods are given

by Bennet and Franklin (Ref 5); and Dixon and Massey (Ref 17).

A more extensive discussion of the covariance-variance data

and how it may be used is presented by Albritton (Refs 2 and

3).

Finally, Albritton provides a recommendation as to

what data should be provided in a report on the results of a

spectroscopic study. He lists the following as essential

data:

1. The observed line numbers (with assignments).

2. If room permits, the variance-covariance matrix

used to merge the data.

3. The model used to represent the experimental data.
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4. The estimated molecular constants.

5. The standard error of the constants and the

degrees of freedom involved in the calculations. This data

will enable the reader to establish his own confidence limits.

6. The estimated variance of the variance, a , may

be helpful. An estimate of this value for large samples of

normally distributed data may be obtained by the formula

(Ref 16):

ao = a/[2fm] (23)

Other data which may be appropriate include the

variance-covariance matrix of the final merged constants and

the results of the testing to determine the normality of the

data sample.

Rydberg-Klein-Rees Potential

Energy Curves

Potential energy curves for diatomic molecules are

plots of potential energy versus the internuclear distance

between atoms. Figure II-1 shows a typical curve. From this

plot of energy versus internuclear distance, it can be seen

that as the nuclei approach each other the potential becomes

infinite; and as their separation increases, the curve

asymptotically approaches the dissociation energy, De

The equilibrium internuclear distance, re , is the distance

at which the potential energy of the molecule is at a minimum.

18
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Fig II-1. Potential Energy Versus Internuclear Distance
for a Diatomic Molecule
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The Rydberg-Klein-Rees (RKR) model for the potential

energy curve is developed in this section. Rydberg started

with the expression for the total energy, E , for a rotating-

vibrating diatomic molecule:

E = p 2/2V + V(r) (24)

The p2/2U term in Eq (24) is the kinetic energy of the

system, p in turn, is the linear momentum. The second term,

V(r) is defined as follows:

V(r) = U(r) + K/r 2 = U(r) + P 2 /21ur2 (25)

where U(r) is the potential energy of the system, P is

the angular momentum of the system, and is the reduced

mass.

Based on this energy expression, Rydberg developed a

procedure for graphically determining the classical turning

points for a diatomic molecule (Ref 39). Klein modified

Rydberg's derivation so that the turning point could be

calculated numerically (Ref 52). Reese obtained quadratic and

cubic analytic solutions approximating Klein's formulas (Ref 38).

Klein's mathematical development is given here.

Terms used in the development are shown in Fig II-1 as an aid

in following the presentation. The classical turning points

are deisnged r' and r". Klein defined the turning points

in terms of the quantities r, and r2  . For his analysis,

20

i _•___

J _ --- ..... . . ' ' -



r, and r2 are measured from re , r1  being positive

and r2 negative. Then r' and r" are defined as follows:

r' - ri + re (26)

r" = re + r2  (27)

Then

dr' = dr1  (28)

dr" = dr 2  (29)

dr = dr, or dr2  (30)

Klein designated the width of the potential curve as 2f and

from Eqs (26) and (27), it follows that:

2f = (r, + re ) - (r2 + re) = r1-r 2  (31)
eI

) The energy in Eq (24) may be expressed as a function of

"I," the action integral for a rotating vibrator and "C."

These terms are defined as follows:

I = Pdr (32)

K = P 2 /(2p) (33)

The following relationships which involve the period,

T, and the average position of a harmonic oscillator, I7F ,

are known:

i/T = 3E/3I (34)
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h/r2  (E/aK) (35)

P= T(E/aK) (35*)

Using Eqs (32) and (34) and solving for the differential of

E and adding the results, the following is obtained:

SE = (1/T) AI + (p/T)6K (36)

Inverting Eq (32), the following is obtained:

T = aE/aI (37)

Setting Eq (36) equal to zero and solving for p , the follow-

ing is obtained:

o =-9I/ (38)

From the equation for the momentum, p = jiv = w(dr/dt) , one

can, by integrating over one cycle, obtain an expression for

the period of vibration for a harmonic oscillator:

= ff(dr/p) (39)

Solving Eq (24) for p and substituting into Eq (39), the

period of oscillation may be expressed as:

T = (0/2) S (E-V(r))0dr (40)

The integral in Eq (40) can be broken into two parts,

one to be integrated from re to r , and the other from

r2 to re  (as depicted in Fig II-1). This operation yields:
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r

2(1u) S dr/(E-V(r)) - dr/(E-V(r)) (41)

re r2

The factor of two is introduced to account for one vibration

cycle from re through r, and r2 and back to re again.

Rearranging Eq (41) and recombining the integrals, one obtains:

ri

= (2p) S(dr1-dr2)/(E-V(r))' (42)
r2

Now to change the variables of integration, Klein

defined the following terms:

y = V(r) - V(r e) (43)

and

x = E - V(r e ) (44)

where x is constant for a given E . Then r may be

expressed as a function of y as follows:

r = rx(y), r > r (45)

r = r2(y), r < re (46)

and when at re , r 1(O) r2(0) = re . Subtracting Eq (43)

from Eq (44):

x - y = E - V(r) 47
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and if the "f" of Eq (31) is function of y , then as

defined

r 1 (y) - r 2 (y) = 2f(y) (48)

then

dri/dy - dr 2/dy = 2df(y)dy (49)

or

dr, - dr 2= 2f'(y)dy (50)

Using Eqs (45), (46), (47), and (50) to change the

variable of integration and integration limits in Eq (42),

Klein obtained:

yl

T = 2 (2 1) S 2 f (y) dy/(x-y) (51)

Y2

From Eq (43) when r = r , then V(r) = V(r e ) and y = 0

Thus, the integral in Eq (51) may be evaluated from 0

(defined as the bottom of the potential well) to some value

X
x

-r - 2 (2p)' Sf-(y) dy/(x-y) (52)

0

This is the first of two integral equations central to Klein's

derivation.

Combining Eqs (28), (35), (35'), and (40) yields:
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p = T (1/r 2 ) = (j/2) (1/r2) [dr/E-V(r)) J (53)-

By definition:

dr/r 2 = -(lIr) (54)

Then Eq (53) becomes: s

p = -( u /2)f d (1/r) /(x-y) (55)

Again, the integral in Eq (55) may be broken into two

parts. Then for r >r ee

r" = r2 + re  (56)

i/r" = 1/(r 2 + re) (57)

and if re is set equal to "0" then:

i/r" = 1/r 2  (58)

Similarily for r < 0:

= /r, (59)

Then for small oscillations about re , Eq (53) ma7' be written

as the difference between the integrals:

l/ri re

= 2 (v/2) -d(1/rx)/(x-y)-

1lre /r2

i -d(l/r)/lx-y) ] (60)
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p = (2p) d(1/r 2 - 1/rl)/(x-y) (61)
i/ r2

Klein established the following definition:

2g(y) = 1/r2 - 1/r, (62)

Differentiating with respect to y yields:

2dg(y) = (d/dy) (1/r2) - (d/dy) (I/rj) (63)

Changing the notation yields:

2g'dy = d(l/r 2 ) - d(i/r1 ) (64)

Substituting Eq (64) into Eq (61) yields:

Y
2 (21j) S fg'(y)dy/(x-y) ]  (65)

0

with the limits of integration assigned in the same manner as

for Eq (52). This is the second integral which is central to

Klein's derivation.

In the next step of his development, Klein derives

expression for rmax and rmin , the classical turning points

for a harmonic oscillator. Klein recognized that the integrals

for T and p (Eqs (52) and (65)) were of the Abelian type.

He multiplied both sides by dx/(-x) and integrated both

sides from x 0 to x- , where ax=E- (V(r) (Ref

35:25), i.e.,

26

k



OL y=a X=OL

T dx/l(a-x) 2 (24) f'dy dx/[a-x)(x-y) (66)

0 y=O x=y

In Eq (66)

f (y) = f(a) (67)

and

5 dx/[(a-x)(x-y)] = dx/(-x2 +y+CL-y) (68)

y

Eq (68) may be integrated as follows (Ref 6:300):

dx/(uv) = 2/(bd) [(-bduv)h/bv],

for bd>O (69)

where u = a+bx , and v = a'+dx and for the present

integral:

a= ot a =-y

b =- d = 1

bd = -1

then the integral can be evaluated to be i . Finally, the

left side of Eq (68) is evaluated as:

dx/(a-x) I 2 (2ia) ) (71)
0 IT
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or solving Eq (71) for f(a):

f (c) = 1/ (2rT (2i) ) dx/(a-x) (72)

0

and for a = y:
y

f(y) = l/(27T(2u) 1) S dx/(y-x) (73)

0

Similarily, Eq (65) for "g" may be transformed into

the following:
y

g(y) = 2 j 2 ). $ (y-x). (74)

0

From the definitions for x given in Eq (43):

dx = dE (74)

Substituting Eq (74') into Eq (34) yields:

T dx = dI (75)

Recalling that E is a function of I and K ,and using

Eq (47), Eq (73) becomes:
I

f(V) = 1/(21T(2p)) 5 dI/(V-E(I,K)) (76)

0

From Eqs (34), (35'), and (74):

I- 0 dx = p dE = E/aK) dE = T(OE/aK) (aI/T)

= (E/)C)aI (77)
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and Eq (74) becomes:

g(V) = 1/12n(2p)) ?[E(I,K)/IK) dI]/(V-E(I,K)) (78)
0

As E(I,K) approaches V in Eqs (76) and (78), the

integrals become infinite. To avoid these singularities,

Klein instead evaluated the following expression:

S(V,K) = /(7(21) ) (V-E(I,K)) d (79)

This expression has the following relation to the f and g

of Eqs (76) and (78):

f g = - S/;K (80)

As shown in Eq (2), spectroscopic energy levels can

be represented as power series of (v+1/2) and J(J+l)

It is convenient then to express the integrals for f and g

in terms of the quantum numbers v and J

The expression for the radial action variable in

quantum mechanical terms is

I = (v+i/2)h (81)

Then

d(I) = d(v+i/2)h (82)

The quantum mechanical expression for K is:

K = P'2p = J(J+l) 1i2/2p (83)
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Then

D/K= 2p/I2 ((/DJ(J +1)) (84)

Finally, the expressions for f and g become:

f(V,J(J+l)) = h/( 2 1) v d(v+ )

0 [V-E(v+ ,J(J+l)] (85)

v(++ d(v+ ,
g(V,J(J+l) = (2 )/ S 'E/ ( 'J (J+l) 1 v+ (86)

0 [V-E(v+ ,J(J+l))I

where the upper limit of integration v' is selected such

that V = E(v'+i/2,J(J+l)) for the fixed value of J(J+l)

used in the integrals (Ref 35:27,28).

If the RKR calculations are evaluated for J=0 then

Eq (2) reduces to:

T = io (v+1/2) (v) (87)i~i

more commonly referred to as Gv

Eq (85) becomes:

v -
(G(v) - G(v')T dvl (88)

v 0

(Ref 24:2), where Kaiser (Ref 26:1686) defined the lower limit

of integration by the following:

C(v 0 ) =-Y00 (89)
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where Y00  is the Dunham constant previously defined in

Eq (6). The variable v0  in G(v0 ) may be expressed in terms

of Dunham coefficients as:

2
Vo = -1/2 - = -1/2 -(Yoo/Yl 0 )(1 + Y00 Y 2 0/YI0

+ ... ) (90)

For J = 0

n=0 Yni = B(v) (91)

(Ref 24:2), where B(v) is the spectroscopic term defined as

follows:

B = B - (v+I/2) + y(v+1/2)2... (93)v e

(Ref 21:108).

Using these definitions, Eq (86) for g becomes:

v

g(v) SB(vi) (G(v)-G(v1) dv' (94)

(Ref 24:2).

From the definitions in Eqs (22) and (62) for f

and g the following expressions for inner and outer turning

points may be obtained:

r = (f2 + f/g) + f (95)

Solutions of the equations for f and g are discussed

in the section on the RKR Program by C. R. Vidal.
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This completes the theoretical background required for

the RKR calculations. Second order semiclassical RKR formula-

tions are not presented in this work. Several articles on

the RKR method which were not referenced in this work are

listed in Appendix C.

Methods for Extending RKR Curves

In many cases, because of the lack of experimental

data, the constants necessary to construct an RKR curve may

not be obtainable from straightforward least-square fits or

their quality may be insufficient to construct accurate curves.

Two techniques for improving existing constants which may,

in turn, be used to produce improved RKR curves are presented

here (Refs 10; 53).

As depicted in Fig II-1, the potential energy curve

of a diatomic molecule should have a minimum at some inter-

mediate distance, approach the dissociation limit for large

internuclear separations and increase rapidly as the atoms

approach each other. Ideally, curves generated using the RKR

method should satisfy these criteria.

For many diatomic molecules, only two and at most,

three vibrational constants are available. The available

rotational constants are even more limited. Attempts to

generate curves based upon these constants using the RKR

method can be expected to produce curves which do not meet

the dissociation criteria or which do not exhibit an increasing
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potential for small internuclear distances. These results

occur because the experimental data upon which the constants

are based may represent only a fraction of the vibrational

levels which exist between the bottom of the potential well

and the dissociation limit.

To develop potential energy curves which obey the known

constraints, Leroy and Burns have reported on a new technique

which shows promising results. While they start with constants

obtained from experimentally observed transitions, they then

adjust these constants slightly until the new RKR potential

energy curve is most consistent with all of the known con-

straints.

Leroy and Burns used their knowledge of the desired

shape to adjust the constants. They worked with the Gv

and B quantities as expressed in Eqs (87) and (91).v

Expressed in terms of these two quantities, their criteria

for adjusting the molecular constants are:

1. V(a) assymptotically approaches the dissociation

energy (De) and the difference between energy levels,

AGv+ becomes 0 for the same value of v . Gv+ is

defined as:

AGv+ = G(v + 1) - G(v) (95

2. The slope of the inner portion of the RKR curve

must be negative. Hence:
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dV(r)/dr < 0 (96)

3. The slope of the inner portion of the curve

must become increasingly steeper; that is, the second deriva-

tive with respect to the internuclear separation must be

positive:

2 2
d V(r)/dr > 0 (97)

A study of Eq (88) reveals that as AG v+ becomes

smaller, the quantity f becomes larger. In turn, Eq (94)

shows that f determines the width of the RKR curve. Examina-

tion of Eq (94) further reveals that the value g determines

the center of the potential curve for a given energy level.

In turn, Eq (93) shows that having determined the constants

necessary to generate the G(v) s , the other factor affecting

the value of g is B(v) , a quantity whose value is

determined by the rotational constants, Yni From Eqs

(88), (93), and (94), it follows that the width of the curve,

as determined by the RKR method, and the value at which

AGv+ = 0 depends only upon the vibrational constants which

make up Gv . On the other hand, having selected suitable

constants for Gv , the behavior of g , the rate at which

the outer portion of the curve approaches De , and the

behavior of the slope of the inner portion of the curve

depends solely upon the constants which constitute Bv

Following this logic, Leroy applied the criteria in

1 above first. If the constants obtained from experimental
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data do not satisfy this criteria, the value of the last

experimental constant is adjusted or a value is selected for

the next constant, Yno , in the series given by expression

(8) . The contribution from that constant, Yn (v+/2) n

is then subtracted from the G(v) values calculated from the

original experimentally based constants. A least-squares

fit is then performed on the adjusted experimental data,

Gv.
I

n-I

Gv. = i Yi (v.+1/2) [Yn 0 (vj +f/2, (98)

For a given Y the experimental data fixes the values ofno

the other constants. This new set of constants is tested to

determine if Gv approaches a maximum value of De  . Leroy

and Burns say that if this value approaches D withine
-l

< 2 cm then the criteria in 1 is satisfied. If 1 is not

satisfied, then a new trial value for Y is chosen and the1 no

process repeated until 1 is satisfied.

At this point, a new RKR curve is generated using the

new vibrational constants, Yj0  , and the experimental rota-

tional constants, Yi1  . The curve is then evaluated

according to criteria (2) and (3). If the inner portion of

the curve diverges, the process followed for adjusting the

constants for Gv is repeated for the constants making up

By . The value for the last experimental constant is

adjusted or a value for the next rotational constant in the
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Y11 series is selected. Then the B values given by thev

experimental constants are adjusted as follows:

, n-1 [Jrijl2n
BV = i Y 1 (vj+l/2) - (v+/2) (99)

1=0 i J

Then a least-squares fit is performed to obtain a new set of

rotational constants YO, through Y n* The new constants

are then used to produce a new RKR curve. If the curve does

not satisfy the criteria in 2 and 3, then the Yni constant

is adjusted and the process repeated until 2 and 3 are

satisfied.

In this manner, Leroy and Burns obtained a set of

constants consistent with the experimental data and with

criteria 1-3.

Tellinghuisen and Henderson describe a technique for

constructing RKR based curves when experimental data does not

permit the direct calculation of the rotation constants

(Ref 20). Their technique is based upon a combination of the

Morse and RKR potentials; hence, Morse-RKR curves.

As explained, vibrational constants provide all the

information necessary to calculate f , Eq (88) and, thus,

the width of the potential curve, 2f , as defined by Klein

for a given vibrational energy level. Having established the

-" width of a potential, the remaining piece of information

required to construct a potential curve is the location of

either the inner or outer branches of the potential curve, or
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the center of the potential well, i.e., g as obtained from

the RKR calculations.

Tellinghuisen and Henderson point out that inner

turning points on a potential curve might be approximated by

the Morse potential (Ref 21:101).

U(r) = De (1 - e -(r-re)) (100)

where:

-1i
De = dissociation energy, cm

r e = equilibrium internuclear distance, A

= 0.12777 w e(/D e) (101)

where

we = the vibration frequency, 
cm

= reduced mass, amu

Or because of the relation

D = we2/4(wex) (102)

8 may be expressed as follows:

6 = 0.243555 (Pw ex e ) (103)

-Using these relations, Tellinghuisen investigated 25

different well-known potentials and found errors at the dissocia-

tion limit for the inner portion of the curve to be typically
0

less than 0.02 A and re to be in error by seldom more than

1%.
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Further, Tellinghuisen states that a potential curve

in error by Armin has identifical classical and almost

identical quantum eigenvalues for J = 0 . The wavefunc-

tions derived from a shifted curve would be skewed with respect

to a proper wavefunction.

If possible, Tellinghuisen recommends the construction

of curves by formulas (102) and (103) using the experimental

we  and wex e  . If only we and De are known, then a

value of De 40% larger than the experimental De should be

used.

Tellinghuisen also speculates that ae might be

calculated using an expression derived by Pekeris from the

Morse function:

6 3e W
e -- - 1 (104)

e e

(Ref 21:109). Tellinghuisen found that for 23 of the 25 cases

he investigated, the a e calculated per formula (104) had an

average absolute error of 13% and an average signed error of

6%.

If one is seeking the rotational constant De (Y 02)

the following relation might be used:

4B 2
eDe = (104*)

(Ref 21:10).
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Tellinghuisen cautions against using By values made

up of only two terms, i.e.,

Bv = B -a (v+1/2) (105)e

because the Morse expression for Bv does not terminate with

two terms as does Gv . Further, for high values of v ,

the Morse By will differ from the Morse-RKR By. The Morse-

RKR Bv value must be determined by numerical methods.

Inverted Perturbation Analysis

Having constructed a semiclassical RKR curve, the

next step is to determine if that curve is consistent with the

Schroedinger wave equation; or, even better, to adjust the

curve so it agrees with the SWE. This leads to the use of the

inverted perturbation approach. The goal of the inverted

perturbation approach (IPA) is to adjust the potential energy

curve of rotationless molecules, VO(r) , so that the

quantum mechanical eigenvalues, Ev , obtained from a solu-

tion of the Schroendinger wave equation agree in a least-

squares sense with the measured term values, T(v,J)

The IPA technique was first demonstrated by Kosman

and Hinze (Ref 23). Vidal and Scheingraber expanded the use

of the IPA method. Vidal, in conjunction with several

authors, has applied the IPA method to a number of molecules.

The Schroedinger wave equation (SWE) for a vibrating

rotator (Eq (4)) is the basis of the IPA method. To develop
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the IPA method, the SWE can be expressed as follows

(Ref 41):

(H8 +H 0 (r) = E' 0 (r) (106)(H rot ) vjlr =  viv

Ev is the energy eigenvalue specified by the vibration andvJ

rotation quantum numbers. Ho is the Hamiltonian of the non-

rotating molecules and is made up of the terms:

H0  = - d + V0 (r) (107)
4icdr2

where V0 (r) is the potential energy of the rotationless

molecule.

This formulation has been simplified by neglecting

terms describing electronic coupling contributions (Ref 46).

The rotational motion of the molecule is described

by:

I J(J+l)
Hrot = r- (108)

In the inverted perturbation approach, one starts

with an approximate potential V0 (r) , for example an RKR

potential. Eq (106) is solved numerically for the zeroth

order eigenvalues E °  and the radial wavefunction v0 (r)
vJ vJ

Then an energy correction AEvj is calculated according to

the following formula:

AE =E E (109)vj vj vJ
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where Evj is the measured term value as calculated from the

spectroscopic constants and quantum numbers v and J . If

the difference between the experimentally determined term

values and the eigenvalues obtained from the SWE is suffi-

ciently small, the calculation is stopped.

If the difference exceeds a specified limit, then one

proceeds. As stated, the goal is to obtain some correction

to Vg(r) , i.e., AV(r) , such that the calculated and

experimental E v's agree. Following this reasoning, then

the true potential, V0 (r) , being sought may be expressed

as a sum of the approximate potential and some delta

potential:

Vo(r) = V8 (r) + V 0o(r) (110)

In turn, it follows that the true Hamiltonian differs from

the approximate zero order Hamiltonian "H + H" byrot

AV0 (r)

H0 + H = H' + H + AV,(r) (111)rot 0 rot

First order perturbation theory gives the following relation-

ship between the perturbation to the Hamilitonian AV0 (r) and

and the energy change AEvj

=E vJI AVOr) j> (112)

To obtain a correction to V (r) , a mathematical

expression of the following form is assumed to represent

AVO(r)
41



V0(r) = cif i (r) (113)

The selection of the specific form of the function fi(r) is

critical to the convergence and solution of the SWE. Dis-

cussion of the form of fi(r) will be postponed until the

section describing Vidal's IPA program.

Using the fi(r) and the radial wavefunctions,

PvJ , obtained from the numerical solution of Eq (106), the

expectation values for f(r) are calculated:

v = 0,1,2,3...
Oj jf(r) Pj (114)
vJ fv = 0,1,2,3...

From Eqs (112) and (113), it follows that:

AEj = .c 1  OJ jfi(r)1 OJ> (115)

Having obtained AEvj from Eq (109), Eq (115) can be solved

for the ci coefficients. Using these coefficients in Eq

(113), LV0 (r) may be calculated. From this, a new Vg(r)

is obtained.

vO (r) (new) = Vg (r) (old) + W 0 (r) (116)

Then using the new V8(r) , the calculation is repeated to

obtain new energy eigenvalues. Again, the calculated E°
vJ

are compared with the experimental term values T(v,J) for

agreement. If the agreement is not acceptable, the process

is repeated.
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Elaboration upon the specific numerical calculations

to solve Eqs (106) through (116) is postponed until the dis-

cussion of Vidal's routine for performing the IPA calculations.

4
I
-,
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III Computer Programs

A computer program called DUNCON has been developed

to generate spectroscopic constants. DUNCON is presented

in Appendix A. The program qenerates the constants by

separate least-squares fits and provides for the merging of

the separate fits in a weighted manner as previously

described. A description of the program, a listing with a

sample fit and instruction on how to use it are contained in

Appendix A.

A second program, provided by C. R. Vidal of the Max-

Planck Institute for Exterrestriche Physik, West Germany,

has provisions for the generation of potential energy curves

by the Rydberg-Klein-Reese (RKR) method and adjustments of

those curves by the inverted perturbation approach (IPA).

The IPA routine adjusts the potential energy curve so it is

consistent with the Shroendinger wave equation. A copy of

the program with a sample problem, a description of the

program, and instructions on using the program are included

in Appendix B.

The DUNCON program and the RKR-IPA program may be used

in a variety of combinations to generate constants and

potential energy curves. Presented in Fig III-1 is a flow

diagram describing the logic used in applying these programs

in this work.
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DUNCON is used to generate spectroscopic constants

by performing least-squares fits to the experimental data.

These constants are then used as inputs to the RKR-IPA

program. This program produces an RKR curve which is then

adjusted by the IPA portion of the program.

Several options are available in the use of the RKR-

IPA routines. The RKR routine can be used independently of

the IPA routine. The range over which the curve is generated

can be restricted to low vibrational energy. levels or extended

to the dissociation energy. If limited to small vibrational

numbers initially, the RKR-IPA routine may be used itera-

tively to generate new constants and extend the curve to the

dissociation limit.

In this paper, after initially generating an RKR-

IPA curve, the curve is evaluated according to the criteria

of Leroy and Burns, Eqs (95), (96), and (97). If a satis-

factory curve is obtained, the calculation is complete. If

not satisfactory, then the constants are adjusted as pre-

viously described. A modified version of the program DUNCON

is used to perform the least-squares fit necessary to produce

these constants. The constants are then again input into the

RKR-IPA routine. The process is repeated until a satisfactory

curve is obtained.

ZPrograms demonstrating the use of DUNCON and the RKR-

IPA programs are presented in Appendices A and B. Results of

applying the program to the lead-oxide molecule are presented

in the following chapter.
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IV. Analysis of Spectroscopic Data

for Lead-Oxide

This chapter contains the results of an analysis of

spectroscopic data for lead-oxide (PbO). The program DUNCON

was used to obtain spectroscopic constants for the X, a,

b, A, B, and D electronic states of PbO. Constants from

published literature were used to generate .potential energy

curves using the IPA-RKR routine. The potential energy

curve for the ground state of lead-oxide was extended almost

to the dissociation limit using the extension techniques and

the RKR-IPA routine.

The experimental data of three investigations was

reduced using DUNCON to yield spectroscopic constants. The

data from these investigations is presented in Table IV-5.

Two or the investigators, Glessner and Synder (Refs 19; 42),

obtained least-squares fits, but did not have the computer

routines necessary to generate error estimates and merge the

data in a weighted-correlated manner. Their data is reduced,

error estimates obtained, and merged usinq DUNCON. Lead-

oxide data produced by Linton and Broida (Ref 33) is reduced

using DUNCON and the A-X and a-X data is merged. Also, the

results of all three investigations is merged using DUNCON.

The results of reducing the data of each investigator for

each transition separately is presented in Table IV-l. This

47

-t- - - - -- _ __ _ _ _ _ _ _ _

---- --- .- -- - - - - -- _________________________ - -I



data is then merged in several combinations. The constants

resulting from these mergings are presented in Table IV-2.

Presented in Table IV-3 are the unmerged and merged estimates

for the D-X transitions. The D-X data is merged with other

data in a separate fit to prevent its large variance from

degrading the constants for the other transitions. Finally,

the merged results of Glessner and Snyder'sdata, are compared

in Table IV-4 with the best previous published values avail-

able.

The constants presented in columns I and II of Table

IV-I are not identical to those reported by the original

investigators. When transforming their experimental data

from angstroms to wavenumbers, they did not make corrections

for the index of refraction of air as previously discussed.

The constants listed in column III of Table IV-1 are also

different from the values reported by Linton and Broida. For

the A-X transition, they listed only their new band head

data. They used data of other researchers to generate their

constants. Their published constants are included in Table

IV-4. The constants for the a-X transition of column III,

Table IV-2 are also slightly different from those reported

by Linton and Broida. Presumably, the slight difference arises
A

from the difference in weighting schemes used in this report

11 and that used by Linton and Broida.
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TABLE IV-3

Spectroscopic Constants for D-X Transition of PbO (cm

Electronic Constant Unmerged Merged
State

[322.3] (4.19]

D Te 29897.8(67.4) 30115.8(46.1)

We' 490.0(30.8) 542.2(54.9)

WeIXe' -16.53(7.72) -1.99(13.1)

X We" 606.1(33.3) 720.989(0.401)

We"Xe" -8.32(3.53) 3.5312(0.0296)

Errors Reported in Parenthesis are One Standard Error
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TABLE IV-5

Lead-Oxide Spectral Lines Assigned to the
D-X, B-X, A-X and a-X Transitions

Energy(cm-i) Assignments

Observed Calculated Obs-Calc v' ,v" Transition

Investigator: Snyder
(Ref (42))

28589.0 28607.2 -18.2 0,2 D-X

28432.8 28453.7 -20.9 1,3 D-X

27648.9 27625.7 23.2 2,5 D

27534.6 27501.3 33.3 3,6 D

27076.0 27375.5 00.5 1,5 D

26788.7 26829.9 -41.2 3,7 D

26555.3 26529.3 26.0 0,5 D

26394.0 26387.0 -3.0 1,6 D

24122.4 24120.5 1.9 4,0 B

23630.9 23632.5 -1.6 3,0 B

23146.1 23144.0 2.1 2,0 B

22640.3 22655.1 -14.8 1,0 B

22175.3 22165.8 9.5 0,0 B

21450.0 21452.0 2.0 0,1 B

20749.4 20745.2 4.2 0,2 B

20055.5 20045.5 10.0 0,3 B

19646.0 19645.5 0.5 2,5 B

19346.0 19352.9 -6.9 0,4 B

18772.8 18784.0 -11.2 3,7 B

17802.4 17806.7 -4.3 1,7 B

17631.6 17631.2 0.4 2,8 B

21054.4 21051.1 3.3 3,0 A

20166.0 20167.0 1.0 1,0 A

19811.0 19809.6 1.4 5,3 A

55



_________-- 

___

TABLE IV-5--Continued

Energy(cm-i) Assignments

Observed Calculated Obs-Calc v' ,v" Transition

19719.7 19723.0 -3.3 0,0 A

19456.0 19453.2 2.8 1,1 A

18996.1 19009.1 -3.0 0,1 A

18741.8 18746.4 -4.6 1,2 A

18293.3 18302.4 -9.1 0,2 A

17593.4 17602.7 -9.3 0,3 A

17338.3 17354.1 -15.7 1,4 A

16905.6 16910.0 -4.4 0,4 A

16224.6 16224.5 0.1 0,5 A

15315.4 15318.5 -3.1 1,7 A

19127.0 19137.9 -10.9 7,0 a

18679.9 18690.4 -10.5 6,0 a

18244.2 18238.2 6.0 5,0 a

17972.0 17976.6 4.6 6,1 a

17778.6 17781.0 -2.4 4,0 a

17520.3 17524.3 4.0 5,1 a

17320.6 17319.0 0.4 3,0 a

17064.6 17067.2 -2.6 4,1 a

16855.4 16852.1 3.3 2,0 a

16601.3 16605.2 -3.9 3,1 a

16384.7 16380.4 4.3 1,0 a

16135.6 16138.3 -2.7 2,1 a

15896.7 15898.4 -1.7 3,2 a

" 15662.6 15666.5 -3.9 I,1 a

15657.9 11650.4 7.5 4,3 a

15431.5 15431.5 0.0 2,2 a

15187.9 15189.9 -2.0 0,1 a

14958.6 14959.8 -1.2 1,2 a
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TABLE IV-5--Continued

Energy(cm -1 ) Assignments

Observed Calculated Obs-Calc v' ,v" Transition

14732.2 14731.8 0.4 2,3 a

14481.2 14483.1 -1.9 0,2 a

14260.0 14260.1 -0.1 1,3 a

13782.7 13783.4 -0.7 0,3 a

13561.7 13567.4 -5.7 1,4 a

13353.6 13353.6 0.0 2,5 a

13083.0 13090.8 -7.8 0,4 a

12932.2 12932.5 -0.3 4,7 a

12874.0 12881.9 -7.9 1,5 a

12473.5 12470.5 3.0 3,7 a

12399.9 12405.2 -5.3 0,5 a

12266.0 12268.2 -2.2 4,8 a

12199.5 12203.3 -4.3 1,6 a

12065.8 12068.0 -2.2 5,9 a

11801.3 11806.1 -4.8 3,8 a

Investigator:
Glessner (Ref (19))

23629.2 23632.5 -3.3 3,0 B

23162.7 23144.0 18.7 2,0 B

22661.3 22655.1 6.2 1,0 B

21444.6 21452.0 -7.4 0,1 B

20745.1 20745.2 0.1 0,2 B

20042.7 20045.5 -2.8 0,. B

19840.6 19842.2 -1.6 1,4 B

19453.7 19455.5 -1.8 3,6 B

18928.1, 18924.9 3.2 6,9 B

18759.8 18761.3 -1.5 7,10 B
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TABLE IV-5--Continued

Energy(cm- I ) Assignments

Observed Calculated Obs-Calc v',v" Transition

21921.0 21929.9 -8.9 5,0 A

20163.9 20167.0 -3.1 1,0 A

19004.8 19009.1 -4.3 0,1 A

18299.6 18302.4 -2.8 0,2 A

17609.8 17602.7 7.1 0,3 A

16906.1 16910.0 -3.9 0,4 A

16219.6 16244.5 -25.0 0,5 A

15980.3 15990.0 -9.7 1,6 A

15762.6 15761.2 1.4 2,7 A

19127.7 19137.9 -10.2 7,0 a

18682.3 18690.4 -8.1 6,0 a

18237.9 18238.2 -0.3 5,0 a

17783.0 17781.0 2.0 4,0 a

17513.3 17524.3 -11.0 5,1 a

17316.7 17319.0 -2.3 3,0 a

17064.3 17067.2 -2.9 4,1 a

16852.8 16852.1 0.7 2,0 a

16603.2 16605.2 -2.0 3,1 a

16382.0 16380.4 1.6 1,0 a

16135.8 16138.3 -2.5 2,1 a

15898.0 15903.7 -5.7 0,0* a

15668.5 15666.5 2.0 1,1 a

15433.4 15431.5 1.9 2,2 a

15193.0 15189.9 3.1 0,1 a

14963.5 14959.8 3.7 1,2 a

14732.4 14731.8 0.6 2,3 a

14483.8 14483.1 0.7 0,2 a

14261.4 14260.1 1.3 1,3 a
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TABLE IV-5--Continued

Energy(cm-i) Assignments

Observed Calculated Obs-Calc v' ,v" Transition

13781.7 13783.4 -1.7 0,3 a

13564.1 13567.4 -3.3 1,4 a

13085.4 13090.8 -5.4 0,4 a

Investigator: Linton
& Broida (Ref (33))

22364 22367.4 -3.4 6,0 A

21930 21929.9 0.1 5,0 A

21654 21653.6 0.4 6,1 A

21494 21491.2 2.8 4,0 A

21221 21216.1 4.9 5,1 A

20949 20946.8 2.2 6,2 A

20777 20777.3 -0.3 4,1 A

20245 20247.1 -2.1 6,3 A

20069 20070.6 1.6 4,2 A

20168 20167.0 1.0 1,0 A

19366 19370.9 -4.9 4,3 A

19117 19117.0 0.0 5,4 A

18679 18678.2 0.8 4,4 A

17994 17992.7 1.3 4,5 A

17083 17081.5 1.5 5,7 A

14483 14880.9 2.1 3,9 A

14440 14439.5 0.5 2,9 A

14229 14230.7 -1.7 3,10 A

" 14217 14210.1 6.9 0,8 A

13998 13996.8 1.2 1,9 A

13789 13789.3 -0.3 2,10 A

13585 13587.5 -2.5 3,11 A

13390 13391.4 -1.4 4,12 A
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TABLE IV-5--Continued

Energy (cm-1 ) Assignments

Observed Calculated Obs-Calc v' v" Transition

13201 13201.1 -0.1 5,13 A

13347 13346.6 0.4 1,10 A

13146 13146.1 -0.1 2,11 A

12951 12951.3 -0.3 3,12 A

12761 12762.3 -1.3 4,13 A

12580 15279.1 0.9 5,14 - A

1251.1 12509.9 1.1 2,12 A

12323 12322.3 0.7 3,13 A

12141 12140.3 0.7 4,14 A

11964 11964.2 -0.2 5,15 A

20448 20450.9 -2.9 10,0 a

20022 20018.1 3.9 9,0 a

19582 19580.4 1.6 8,0 a

19307 19304.2 2.8 9,1 a

19139 19137.9 1.1 7,0 a

18877 18866.6 10.4 8,1 a

18691 18690.4 0.6 6,0 a

18597 18597.5 0.5 9,2 a

18431 18424.0 7.0 7,1 a

18236 18238.2 -2.2 5,0 a

18160 18159.8 0.2 8,2 a

17977 17976.6 0.4 6,1 a

17782 17781.0 1.0 4,0 a

17526 17524.3 1.7 5,1 a

17317 17319.0 -2.0 3,0 a

17272 17269.8 2.2 6,2 a

17067 17067.2 -0.2 4,1 a

16854 16852.1 1.9 2,0 a
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TABLE IV-5--Continued

Energy(cm- I ) Assignments

Observed Calculated Obs-Calc v' v" Transition

16819 16817.6 1.4 5,2 a

16609 16605.2 3.8 3,1 a

16386 16380.4 5.6 1,0 a

16361 16360.4 0.6 4,2 a

16140 16138.3 1.7 2,1 a

16117 16117.9 0.9 5,3 a

15902 15898.4 3.6 3,2 a

15668 15666.5 1.5 1,1 a

15662 15660.7 1.3 4,3 a

15434 15431.5 2.5 2,2 a

15423 15425.2 -2.2 5,4 a

15191 15189.9 1.1 0,1 a

14961 14959.8 1.2 1,2 a

14734 14731.8 2.2 2,3 a

14510 14506.1 3.9 3,4 a

14485 14483.1 1.9 0,2 a

14286 14282.5 3.5 4,5 a

14261 14260.1 0.9 1,3 a

14071 14061.1 9.9 5,6 a

13828 13820.5 7.5 3,5 a

13784 13783.4 0.6 0,3 a

13569 13567.4 1.6 1,4 a

13355 13353.6 1.4 2,5 a

13146 13142 5.2 3.6 a

13092 13090.9 1.1 0,4 a

12884 12881.9 2.1 1,5 a

12667 12675.1 1.9 2,6 a

12407 12405.2 1.8 0,5 a
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TABLE IV-5--Continued
4

Energy(cm - 1 ) Assignments

Observed Calculated Obs-Calc vp ,v" Transition

12006 12003.6 2.4 2,7 a

11807 11806.1 0.9 3,8 a

11728 11726.7 1.3 0,6 a

11534 11531.9 2.1 1,7 a

11341 11339.3 1.7 2,8 a

11149 11148.8 0.2 3,9 a

11057 11055.3 1.7 0,7 a

10869 10867.5 1.5 1,8 a

10498 10498.6 -0.6 3,10 a

10391 10390.9 0.1 0,8 a

10212 10210.2 1.8 1,9 a

*Later reassigned as the "(3,2) a-X" transition.

I
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Examination of Table IV-l reveals values of we for

the X-state ranging from 715.7 to 731.5 cm- . DUNCON permits

the merging of the data listed in Table IV-l in a weighted-

correlated least-squares fashion.

The results of the merging are presented in Table

IV-2. Error limits for we of the X-state are reduced

from a maximum standard error of ±11.3 cm
- I to ±0.620 cm- I

when the data in columns I and II of Table IV-l are merged.

The results are presented in column I, Table IV-2.

Column II, Table IV-2 contains the smallest error

estimate for the constants of the a-, A-, and X-electronic

states. The variances for the merged fits of columns I and

II are similar, 1.0248 and 1.008, respectively. But when

the data in columns I and II are merged to yield column

III, Table IV-2, the estimated variance of the fit and, in

many cases, the standard errors of the individual constants

increase. Examination of (columns I and II) the a- and X-

states reveals term electronic energies, Te , with error

limits of comparable magnitude which do not overlap. Because

of this, when merged, the error limits reflect the equal

weighting of the "almost significant" differences and, hence,

the increased error limit reflects a bias in one or both of

Jthe data sets.

Column III of Table IV-2 reflects the most conserva-

tive error estimate of the three columns in Table IV-2. It

is also based upon the largest quantity of data.
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In reporting constants, a researcher may be tempted

to manipulate the constants of the ground state and report

the constants obtained from the least-squares fits for the

upper state. For example, if a routine for merging fits is

not available, one might average the constants for the ground

state or obtain a weighted average based upon the error

estimates. The temptation then is to report the averaged

ground state constants and the upper state constants obtained

from the original least-squares fits. Reporting constants

in this fashion is undesirable for two reasons. First, the

constants reported in this manner will not faithfully repro-

duce the experimentally observed data. Second, a better

estimate of the ground state has been obtained. This new

estimate of the ground state constants should, in turn, be

used to ascertain how well the upper state constants are known.

This can be done by removing (adding) the energy contribu-

tions of the ground state from the experimental data and

performing a least-squares fit to obtain the upper state

constants. These new upper state constants and the average

around state constants should provide an accurate reproduction

of the experimental data and an accurate set of constants

for the generation of potential energy curves. The approach

just described is not necessary if a routine such as DUNCON

is available for merging data. Even though it is available,

the use of DUNCON to form a merged fit may not be desirable
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if large quantities of data are involved and the ground state

constant has already been well defined.

Often the data merged from different investigators

may contain different experimental values for the same assign-

ment (v',v"). If after using DUNCON to obtain the best

estimate of the constants, one of the experimental values

agrees with the fit and the other does not, then one might

remove the poorer data point and perform the fit again. This

approach should be used with caution.

Presented in Table IV-4 are the constants obtained

by merging the experimental data of Glessner and Snyder.

Presented for comparison are results published by other

researchers.

The data used to produce the constants of Tables

IV-l and IV-2 is presented in Table IV-5. The calculated

values of Table IV-5 were obtained using the constants of

column III, Table IV-2 and Table IV-3 for the D state.

The D-state constants were obtained in a separate

merged fit from that used to obtain the other constants

because of their large error. The values reported by

Bloomenthal (Ref 8) produced a better fit for his data;

hence, his constants are the preferred constants.

The B-state constants reported by Bloomenthal provide

a better fit to his data than the constants reported here

fit the B data listed in Table IV-5. This statement must be

modified slightly. Bloomenthal did not provide "observed-
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calculated" values for all the data he listed. Hence, these

values may not have been included in his estimate of the

constants.

The A-state constants reported in Table IV-4 provide

a reasonable agreement with those reported by Linton and

Broida (Ref 33). The reported constants are based upon the

merging of data reported by Glessner and Snyder.

The small a-state constants reported in Table IV-4

rival those reported by Linton and Broida in accuracy. Table

IV-2 shows that the merged data of Glessner and Snyder pro-

duces constants with error limits of magnitude comparable to

that reported by Linton and Broida.

The ground state (x) constants reported in Table IV-4

agree well with those reported by Linton and Broida. The merging

of Glessner's and Snyder's data resulted in constants for

the X-state with significantly smaller errors than those

obtained in separate fits of their data.

The discussion of the b-state data was reserved until

last, because they were obtained by making reassignments of

many transitions that were published in previous works.

The b-state constants listed in Table IV-l, column I

are based upon the six assignments marked by asterisks in

Table IV-7. The assignments were made by Glessner and Snyder

(Refs 19; 42) based upon the works of Kurylo, et.al. (Ref 31).

The variance of the constants in Table IV-2 is remarkably
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small considering thatonly six data points with five constants

were used yielding a degree of freedom of one. A review of

Kurylo's tentative assignments and tentative assignrnts

made by Oldenborg, Dickson, and Zare (Ref 36) show a much

greater difference between the observed and calculated values

than would be expected from the constants of Table IV-l.

Using the b-state constants of Table IV-l, new assignments

were made for the experimental data which had been marked as

belonging to the b-X transition by Kurylo and Oldenborg.

It was possible to make new assignments for 29 of 34 observed

values which had been reported as belonging to the b-state.

Twenty-six of those were used in a least-squares fit to

generate new b-state constants. DUNCON was used to perform

separate least-squares fits to the data of Snyder and

Glessner, and to the data of Kurylo and Oldenborg. Then

DUNCON was used to merge the results of these fits. A copy

of the program with the results is presented in Appendix A.

The resulting b-state and X-state constants are

presented in Table IV-6. The 26 assignments used to obtain

the constants are listed in Table IV-7. The "observed-

calculated" values are presented for comparison with those

of the original investigators. For the 26 values used in the

new fit, a standard error of +10.5 cm was obtained. For the

15 values which the investigators reported "observed-calculated"

values, their standard error was +47.4 cm. It should be noted
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TABLE IV-6

Spectroscopic Constants for b-X
Transition for Lead Oxide

State Te We WeXe

b 16325.1(11.2) 430.99(2.47) -0.757(0.165)

X 721.41(4.35) 3.700(0.441)

that this error was due to uncertainties in the assignments

and not the quality of the data.

The second part of Table IV-7 contains those values

which were published as b-X transitions for which no assign-

ments had been made at the time the fit was performed. After

the new constants were calculated, assignments were made for

three more b-X transitions.

The new assignments presented in this paper were made

without access to the raw spectral data and, hence, information

concerning the relative intensities of each transition. It

is also probable that some of the assignments of the transi-

tions to the b-state are incorrect. For example, the last

value of Table IV-7, an experimentally observed value of

15672 cm-1 was assigned as a b-X transition. This value

- corresponds closely with the value of 15662 cm-1 observed by

Linton and Broida and assigned to the a-X transition series.
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This concludes the discussion of program DUNCON and

the results of its application to lead-oxide. Only a small

portion of the PbO data available was used in the present

analysis. Rotational data, if used, should increase the

quality of the constants. A more extensive evaluation of the

literature data with the selective discarding of "erroneous"

data points should yield better constants.

Lead-Oxide RKR-IPA Curves

To demonstrate the use of the RKR-IPA program, the

X-, a-, and A-states were selected for evaluation. Curves

were drawn for the X-, a-, and A-states using the results of

the RKR routine alone or using the combined RKR and YPA

routine (RKR-IPA curve). The resulting potential energy

curves are presented in Fig. IV-I for the X-, A-, and the

a-states. For the A-state, the curve presented in Fig. IV-I

is an RKR curve, while for the X- and a-states, they are

RKR-IPA curves. The RKR and IPA results are presented for

the X- and a-states in Tables IV-8 and IV-9, respectively.

The RKR data for the A-state is presented in Table IV-10.

The constants used to generate these curves for each state is

presented in Table IV-II.

The ultimate use of a potential should be to predict

what transitions should occur. A sophisticated analysis would

° involve the calculation of Franck-Condon factors from the wave

functions resulting from the solution of the Schroedinger wave
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TABLE IV-10

RKR Potential for the A-State of Lead-Oxide

-1 0
V Gv(cm )R-A R+A

0.0 222.30 2.025 2.168

2.5 1328.32 1.937 2.288

5.0 2427.60 1.890 2.367

7.5 3520.12 1.856 2.432

10.0 4605.90 1.829 2.491

12.5 5684.92 1.807 2.546

15.0 6757.20 1.788 2.597

YO 0.28500
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equation. But, it is possible to arrive at certain conclu-

sions without calculation of the Franck-Condon factors.

For example, examination of the a-state and X-state curves

showthat no overlap exists between the "v'=0" energy level

for the a-state, and "v"=0" for the X-state. This indicates

that such a transition is classically forbidden. In Table

IV-5, a transition observed at 15898 cm had been assigned

to the a-X (0,0) transition. Reevaluation showed that the

15898 band head should be the a-X (3,2) transition. Both

assignments were acceptable within the error limits of

fit. The relative positioning of the potentials indicate that

only the (3,2) transition is possible. The calculated value

for the a-X (3,2) transition is 15898.4 cm-1 .

The next step should be the generation of a new set

of constants using the formulas for Gv and B and the

newly obtained energy eigenvalues Gv and Bv values

generated by the IPA routine. This technique was applied

to the ground state IPA potential of Table IV-8. From this,

the following constants were generated for the ground state:

YI0 = 720.991(0.058) cm

Y20= 3.5357(0.00479)

The calculation of new values for the rotational constants

Y01 'YI etc., from Bv was not performed.

The calculations using only Vidal's RKR-IPA method

were halted at this point. Attempts to extend the curves to

the dissociation limit "in one jump" produced a potential

7S
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which diverged as the curve approached the dissociation limit

(see Fig IV-2). Not having data for vibrational levels above

about v=15, the iterative techniques of gradually extending

the curve, as discussed by Vidal and Stawalley (Ref 43), were

not attempted. They used the IPA method to improve the RKR

curve at lower levels, and then on successive trials,extended

the curve slowly to the dissociation limit.

The reader is referred to Vidal'sworks listed in the

Bibliography and in Appendix C for further .information concern-

ing the generation of new constants and the extension of

potential curves to the dissociation limit using the IPA

routine.

This completes the discussion of the use of the RKR-

IPA program by itself to generate potential curves. The next

section presents use of the RKR-lPA technique in conjunction

with Leroy's extension techniques to produce a potential

energy curve which extends to the dissociation limit.

Extension of the X-State Lead-Oxide
Potential Energy Curve to the
Dissociation Limit, De

The potential energy curve for the ground state of

lead-oxide was selected as the likely candidate for extension

to the dissociation energy, De . This selection was based

upon the fact that the constants for the ground state have

the smallest standard errors.

The vibrational constants of Linton and Broida were

selected as starting values because of their small error
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limits. The creation of potential energy curves also requires

the knowledge of rotational constants. The rotational con-

stants were selected from Suchard (Ref 45). Table IV-12

contains the original constants and the final set of constants

used in extending the curve to the dissociation limit.

The method prescribed by Leroy was used. Linton and

Broida's constants were used to generate a set of G(v)'s

according to Eq (87) for v=O to 15. A trial value was selected

for Y40 and the other constants, Y 3 0  ' Y20 , and Y10

were solved for by performing a least-squares fit to the

value obtained from Eq (98). Program DUNCON was modified to

perform the fit. The process was repeated until the criterion

of "AGv+ = 0" at De was satisfied.

Suchard's constants were used to generate a set of

B v's for v=O to 15 according to Eq (93). A trial Y21 was

selected and new Y01 and Y constants were obtained from

a least squares fit to the values calculated by Eq (99).

The new vibrational constants and rotational constants

were used as the inputs for the RKR-IPA program. The process

of adjusting the rotational constants was repeated until the

criteria expressed in Eqs (95', (96), and (97) were satisfied.

The last set of constants calculated are presented in

Table IV-12 as the extended constants. The complete numerical

results of the IPA-RKR routine are presented in Appendix B.

The "Fina- Set of Turning Points;' as output by the IPA

routine was used to create the potential curve (solid line)
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TABLE IV-12

Constants Used to Extend the Lead-Oxide X-State
Potential Energy Curve to the

Dissociation Limit, De

Constants Original Values Extended Values

Y1 0  720.97(0.36) 721.062849

Y20 - 3.536 - 3.57101904

Y 30 3.85076374X10-
3

Y 40 - 1.29X10 4

Y01 0.307519 0.30726775

Y - 1.9167X10 3  - 1.7667X10 3

Y21 - 1.5X10 5

Y02 0.22X10-
6  0.22X10

6

D = 31570±410. cm
- 1
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in Fig IV-2 which satisfies the dissociation criteria. The

dashed line in Fig IV-2 is the RKR curve, as defined by the

original constants of Linton and Broida, and Suchard. It

should be noted that the constants, as presented in Table

IV-12, will only produce the curve in Fig IV-2 when input

into an RKR-IPA routine. Examination of the "Final Set of

Turning Points" yields a minimum inner turning radius of

about 1.62 angstroms for vibrational quantum numbers from

v=33 to v=69. Examination of the turning points for the

initial "Potential Generated by RKR,' listed at the beginning

of the RKR-IPA program output in Appendix B, shows RMIN

turning points as small as 1.54 angstroms for v=74. For

v=69, the last vibrational quantum number investigated by the

IPA routine, the RKR program returned an RMIN of 1.59 ang-

stroms. This decreasing value in RMIN indicates that the

left branch of the curve would diverge just as shown by the

dashed line on the left-hand side in Fig IV-2. The turning

points of the RKR potential were of sufficient quality that

the IPA program was able to correct the potential to yield

the solid curve of Fig IV-2. In this work, the procedure

described above, was the final one used; however, continued

refinements are possible by the use of the RKR-IPA program.

The next step should be to take the G(v) [U(R)] and

B(v) [BV*100] values as output by the IPA program and per-

form a least-squares fit to obtain a new set of Yno and Yni

constants. These, in turn, would be used as input for the

83i !



constants from the experimental data and calculating the

higher Yn+,n+ constants.

The convergence of the IPA routine became very sensi-

tive as the "sought for value" of the last vibrational con-

stant was approached. For the example, the IPA routine would

not converge when values of Y21 = -1.25x10-5 or Y = 1.75x10- 5

were used. The program would converge for values of Y21

larger and smaller than these, but the shape of the resulting

curve diverged from the desired shape. An.indication of the

convergence of the IPA routine may be obtained by looking

at the next to the last output of the IPA-RKR program, "The

Summary of Errors of the Inverted Perturbation Approach."

Due to the fact that the "Final Set of Turning Points"

fluctuates about 1.62 angstroms and the potential is increas-

ing asymptotically along 1.62 angstroms, multiple Ftential

energies are presented for the same RMIN turning point value.

Thus, when searches are performed using a turning point radius

value [XXXI as in DO-loop 55 of POTTAB, and PLYNN called from

this loop, the routine stops at the first value satisfying

the requirement [XXX]<X(J) (Subroutine PLYYN). The end

result is that potential energies corresponding to turning

points of magnitude of less than about 1.62 angstroms in the

.4 "Final Potential" should not be accepted as valid without

close inspection. Improved constants and successive itera-

tions of the RKR-IPA routine may remove this discrepancy.
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V. Summary and Recommendations

The programs and techniques necessary to transform

molecular spectra for diatomic molecules into potential energy

curves have been presented and described in detail. The

program DUNCON performs least-squares fits to separate data

sets and then merges them in a weighted-correlated manner

based upon the variances of the separate fits to yield

spectroscopic constants. The RKR-IPA program presented first

calculates "semi-classical" turning points based upon spectro-

scopic constants. It then adjusts the resulting RKR potential

through an inverted perturbation technique to yield a poten-

tial energy curve whose energy eigenvalues are in best agree-

ment with the model of a vibrating-rotating diatomic molecule

as specified by the Schroedinger wave equation and with the

experimentally observed data. The routing also calculates

the wave functions for the potential energy curve.

Techniques were presented for extending potential

energy curves to their dissociation limit when experimental

data does not permit such an extension by straightforward

application of the RKR technique.

Using DUNCON, constants for the a-X, A-X, B-X, and

D-X transitions were calculated from experimental data. The

results are presented in Tables IV-l, IV-2, and IV-3. The

calculated values agree well with published values for these

states.
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A new set of assignments was made for b-X transi-

tions. The new constants calculated for the b-state are

presented in Table IV-6, and the new assignments are in Table

IV-7. The new assignments and constants produced a fit with

a standard error of 10.49 cm- 1 versus 47.9 cm-  for the

previous published assignments.

Recommendations

1. The use of Leroy's technique for extending a curve

to its dissociation limit in conjunction with the RKR-IPA

routine should be tested upon a potential energy curve whose

shape is known and for which experimental data is available

all the way up to the dissociation energy. If the technique

produces a curve and energy eigenvalues consistent with a

curve based upon experimental data then, the validity of the

method will be confirmed.

2. This technique for extending curves might be

further verified by applying it to two different states; for

example, a- and b-states of lead-oxide, whose dissociatic-

energies are the same. The coincidence of their potential

energy curves at large separations should serve to verify

both the extension technique and the quality of the constants

used in construction of the curves.

3. A complete investigation of all published data

using DUNCON should produce a better set of constants for

lead-oxide. This is particularly true for cases where two
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investigators have given different energy levels for the same

transition. The judgment as to which data is the more

accurate should be based upon the constants produced by

DUNCON.

4. Constants obtained from a least-squares fit should

be reported as a group. If not, care should be taken to

report how the constants were obtained.

5. The reassignments made for the b-X transitions

should be evaluated by an investigator with access to data

specifying the relative intensities of the experimental data.

These were not available for the assignments made in this work.

Also, the b-state constants should be reevaluated

using a more accurate set of X-state constants as opposed to

those obtained from the least-squares fit of the b-X data.

By fixing the value of the X-state constants, it may be

possible to obtain a positive wexe for the b-state. Having

a positive wexe , then Eq (102) and Tellinghuisen's method

for constructing a potential energy curve might be used.

Alternatively, Eq (101) might be applied. From the potential

energy curve, it might be possible to determine what transi-

tions are more probable. Some information along these lines

can be obtained by assuming a similarity between the a-state

potential and estimating the position of the b-state curve

relative to the a-state curve.

6. Vidal made use of the RKR-IPA routine to improve

RKR curves for low energies and then used these improved
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curves to extend the curves in small increments to higher

energy levels. This technique has not been pursued and warrants

further investigation. The RKR-IPA routine could even be used

to improve constants for low energy levels, i.e., small "v",

prior to using them in the previously described extension

technique. Both techniques warrant further investigation.

)
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Appendix A

Program DUNCON

The following section contains the program DUNCON.

The program has provisions for obtaining separate least-

squares fits to separate data sets and then merging the

resulting constants in a weighted-correlated fashion based

upon the variances and covariances of the original separate

fits.

Presented first is a written description of the

program and instructions on how to use the program. Follow-

ing that is a listing of the program with a sample output.
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Merged Least-Squares Spectroscopic

Constants Program

Program DUNCON is structured so the user can generate

a least-squares fit to several different groups of data which

have different standard errors and then merge the fits to

obtain a weighted, correlated linear-least squares fit as

described in the previous discussion on least-squares fits

(Refs 2 and 3). DUNCON is written in Fortran V. A copy of

DUNCON follows in this appendix.

The user must set up the model which will be used to

fit his spectroscopic data, input the data, dimension the

arrays used in his program, and call the subroutines WAVNUM,

CONST, MATEQ, VECEQ, MATINV, and MERCN to obtain a merged

least-squares fit. In turn, these routines call on a package

of matrix manipulating routines (Ref 13) contained in the sub-

routine MATMULT.

Program DUNCON

The user has complete freedom in structuring this

portion of the program. To perform a least-squares fit, the

user must choose a model to represent his data. For data

representing transitions between electronic states, the follow-

ing is a typical model using Dunham coefficients (Ref 18):

~v V T + Y2j0 + Y; 0 - Y"0- Y2 (117)e

where v is the frequency of the transition expressed in

units of cm-I. As previously described, a series of transitions
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(v) may be represented in matrix notation as:

v = Xk + % k = 1,2,3 (118)

where v is a column matrix made of experimentally determined

wavelengths or wavenumbers:

VI
i.nV L ] (119)

The X matrix is made up of the v'+1/2 , (v +1/2)

v"+1/2 , and (v"+1/2) terms:

1 vr+1/2 (v'+l/2)2 v1+1/2 (v"+1/2)2

1 v +i/2 (v +1/2)2 v'2+1/2 (v'+i/2)2

X = (120)

1 v'+1/2 (v'+1/2 2 vn+l/2 (v"+1/2)2

n n nn

This X matrix is calculated in lines 18-28 of the subroutine

CONST. As the specific model chosen to represent spectro-

scopic data may vary, the user must define this section of

CONST.

The 8 column matrix (vector) will contain the constants

of the least-squares fits.
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Te'

Y1 0,

2= o (121)

YI O"
~Y, 0"

Y 2 0

To operate the program, the user must input the

following data:

1. v--the experimentally determined energy of transi-

tion expressed in either angstroms (A) or wavenumbers (cm-).

In the sample program in this appendix, v is called ANUx,

where the small "x" represents the additional characters

necessary to identify a specific group of data. This conven-

tion is continued throughout the discussion in this section.

2. v'--the vibrational quantum number associated with

the upper state and referred to as QVlx in the program. It

shoul- be entered as a decimal.

3. v"--the vibrational quantum number associated with

the lower state and referred to as QV2x in the program. It

should be entered as a decimal.

NOTE: the values of ANUx, QVlx, and QV2x for each

observed transition must be associated with each other by sub-

scripts. (The subscript is placed in parenthesis and the

subscript must start with "0".) For example:

A-4
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ANUx(O) ,QVlx(O) ,QV2x (0)

ANUx(l) ,QVlx(l) ,QV2x(l)

ANUx(2) ,QVlx(2) ,QV2x (2)

etc.

4. N--the number of constants minus one to be

calculated in the initial least-squares fit. For the model

in Eq (117), N should be defined as follows: N = 5 - 1 = 4.

5. Mx--corresponds to the number of experimental

values to be included initially in a data set for least-

squares fitting prior to the merging step.

6. MM--corresponds to the total number of constants

minus one which are generated in the initial least-squares

fits for each of the independent data sets. For example, if

the calculation is for two different transitions, i.e., A-X,

B-X, and, as in Eq (1), five constants are to be calculated then

~MM = 2*5 - I = 9.

t7. NM--the number of constants to be obtained in the

merged least-squares fit.

8. XM(O:MMO:NM)--the coefficient matrix which relates

the redundant variables obtained from independent least-squares

fits to the desired final set of variables. It controls the

merging of the constants obtained in the separate least-

squares fits to yield the merged weighted, correlated least-

squares constants by the following formula:

3M = Tel-1x)-1 xT -ly (122)
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For a problem involving five constants for each of two

electronic transitions, the XM matrix would be of size 14x5

and contain the elements as follows:

State

A B X
I| ,

Te Y 0  Y 0  Te Y 0 YL, Ylo Y 20  Merged Constan

Te 1 0 0 0 0 0 0 0

Y10 0 1 0 0 0 0 0 0 Elements
Pertaining to

0O 0 1 0 0 0 0 0 AX
Transitions

Yzo 0 0 0 0 0 0 1 0
"I i,

Yo 0 0 0 0 0 0 0 1
XM =

Te 0 0 0 1 0 0 0 0

Y;o 0 0 0 0 1 0 0 0
Elements

Y;o 0 0 0 0 0 1 0 0 Pertaining to
I. B-X

Yo 0 0 0 0 0 0 1 0 Transitions

11

Y 20  0 0 0 0 0 0 0 1

Constants from Independent Least-Squares Fit

Fig A-1. Coefficient Matrix XM
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9. THETAI(O:MMO:MM)--this matrix is made by merging

the variance-covariance matrices obtained from each of the

independent least-squares fits. The details of its construc-

tion will be provided in the discussion of the subroutine

MATEQ. The user must initially fill the matrix with zeros.
2

The matrix has (MM+l) elements. For example, if MM=9, then

the statement, DATA THETAI (100*ODO) will initialize the

matrix.

This concludes the data input required of the user.

The only tasks remaining are the assembly of dimension state-

ments and construction of statements in the main portion of

the program to execute the least-squares and merging routines.

The sequence of statements required to perform a

least-squares fit for each set of data are as follows:

CALL WAVNUM

CALL CONST

CALL MATEQ

CALL VECEQ

In the following section, the statement names and their

arguments are listed along with a brief description of the

routine.

WAVNUM(ANUx,Mx)

This subroutine converts data contained in the array

ANUx(0:Mx) from angstroms to wavenumbers invacuo (cm-) by

means of a correction for the index of refraction of air

(Refs 7 and 21). ANUx is, as described above, an array of
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the Mx experimental values for one group of data. NOTE: If

ANUx is entered as wavenumbers, this statement is omitted.

CONST (ANUx,QVlx, QV2x,BETx,THETx,Xx,Xtx,XTXx,XTXXTx,XBx,

ANUXBx,CVRCx,Mx,N)

This routine does the work of obtaining minimum

variance least-squares constants. It solves the matrix

equation as outlined below:

V = XB + E (124)

a = (XT X)-1 T (125)

y2 = (V _ X3)T (V - XS)/fm (126)

e = C2 (XT X)- 1  (127)

The correspondence between the arguments for CONST and these

equations are as follows including the dimensions required

for the arrays: ANUx(O:Mx) = v

QVlx(O:Mx) and QV2x(O:Mx): These entries are the

quantum mechanical vibration numbers which are for the upper

(v ) and lower (v") states respectively, and are used to

generate the Xx matrix as previously described.

Xx(O:Mx,O:N) = X: This matrix is generated by CONST

in lines 18-28, as dictated by the user and by the model chosen

to represent the data.

A-8
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XTx(O:N,O:Mx) = xT: This matrix is the transpose of

matrix X and is generated by the subroutine TRNSPZ called

from CONST.

XTXx = first(X TX), then (X TX) -: This matrix is the

product of XT and X formed by the subroutine MATMLT. The

matrix is then replaced by its inverse by the routine MATINV.

XTXXTx(O;nO:M) = (X X) X : This matrix is the pro-

duct of the inverse of the first matrix times the transpose

of the second.

BETx(O:N) = (xTX) -Tg: This column matrix (vector)

contains the least-squares estimate of the constants in Eq (1).

It is formed by multiplying the matrix XTXXTx times the

vector, V , using the routine MATVEC.

XBx(O:Mx) = XO: This column matrix is the product

obtained from the subroutine VECVEC. It is the calculated

estimate of the original experimental values based upon the
)

constants obtained from the least-squares fit of the experi-

mental data.

ANUBx(O:Mx) = (v - X$): This column matrix (vector)

contains the differences between the measured and calculated

values of wavelength for a given data set. The calculation

is performed by the routine VECSUB.

VARINZ = a2 = (v _ Xa)T (V - X :)/f VARINZ is a

scalar and is the estimated variance of the least-squares fit.

A-9
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The variance is given in the output of the program. fm is

the degree of freedom, Mx - N. VARINZ is calculated in the

routine CONST.

THETx(0:N,0:N) = 0 = a2 (X TX) -: THETx is the

vatiance-covariance matrix for the calculated constants.

Estimates of the variance for the constants are contained on

the diagonal with off diagonal elements being the covariances.

The matrix is obtained from the product of the scalar, a2

T -1and the matrix, (X X) , using the routine SCAMAT.

CVRCx(O:N,O:N): This matrix is generated by CVRCOR

which is called from CONST. It contains three types of data.

1. Above its diagonal it contains the same covariances

of the constants as in THETx.

2. The diagonal contains the estimate of the standard

error of each of the constants.

3. The elements below the diagonal are the correla-

tion coefficients associated with the constants. The coeffi-

cients are calculated by the following formula:

C = i/ (0i ) (129)

where Oij are the elements of the matrix 0 . Since the

matrix is symmetric, the procedure of reporting variances for

the top half and covariances for the bottom half is sufficient.

The results are printed in the program output.

This completes the description of the arrays required

for the least-squares fit of one group of data. If it is

A-10

Ii



necessary to perform a least-squares fit on several sets of

data and merge them to obtain a correlated, weighted, least-

squares estimate of the constants, then the MATEQ and VECEQ

routines are used.

The merged least-squares calculation is based upon:

y = XaM + c (130)

where the known values obtained from the previous least-

squares fits of the experimental data are the y and X matrices

and

Te

Y10

Y20

Y2 0

y= Te (131)

Y10

Y 2 0

etc.

and X is the XM matrix as defined in the input data section.

It relates the redundant values of y to the corresponding

members of 6 (Ref 3). a is the best estimate of the

constants obtained from the formula

A-11
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M (XT 6-1 X)-1 T -1 (328M = (xsI-IX)-x e -y (132)

where 01 is of the form

81 0 0

61 0 z 0 (133)
L0 0 6 3

MATEQ (THETx,THETAI,N,N,1MM,4,x,x)

This routine inserts the variance-covariance matrices,

the THETx's from each least-squares fit, into the matrix THETAI.

THETx(0:N,O:N) : As previously defined.

THETAI(O:MM,0:%M M) = I : As previously defined.

The last two arguments for MATEQ, "x,x", determine

where the smaller matrices are inserted into THETAI. The

user must input these values (as integers). For the first

group of data, "x,x" should be "0,0". If the number of con-

stants determined in each of the separate least-squares fits

is "N+l", then "x,x" for the second THETx inserted into

THETAI is "2*(N+1),2*(N+l)"; third, "3*(N+l),3*(N+l)", etc.

The end result is the placement of the THETx matrices into

THETAI as depicted by Eq (133).

CALL VECEQ(BETx,YM,N,MM,x)

VECEQ performs a similar insertion of the constants

BETx obtained in the separate least-squares fits into the

A-12
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column matrix (vector) YM (y in Eqs (131) and (132)). The

dimensions of these two parameters are BETx(O:N), and YM(O:MM).

The "x" value is again an integer and entered by the

user. It corresponds to and is equal to the value used in

the MATEQ statement. In this manner, the estimated constants

and their variances are placed within the THETAI and YM

matrices so their correspondence is retained in the merging

calculations.

After the CALL WAVNUM through VECEQ statements have

been executed for each of the separate groups of experimental

data and the YM and THETAI matrices are loaded, the merging

of the spectroscopic constants can be carried out. To

accomplish this, the user must have constructed the XM matrix

as previously described. Then the following statements will

accomplish the merging:

iPv = 0

CALL MATINV

CALL MERCN

iCALL MATINV (THETAI,MM,MM,IPV)
This routine inverts the THETAI matrix. The routine

was obtained from the computer program by C. R. Vidal contained

in Appendix B.

CALL MERCN(XM,THETAI,YM,XTM,XTHM,XTHMX,XTXXTH,BETAM,XBM,YXBM,

* YXTH,THETAM,CVRCM,MM,NM)

A



This routine performs the calculations outlined in

Eq (132) to yield a set of merged least-squared constants.

MERCN estimates by the following formula, the variance to

be obtained using the merged constants:

am = (y-XaM)Tej-1 (Y-x M)/fm (134)

It then calculates the variance-covariance matrix, OM for

the merged constants according to the following formula:

= (XT 81 -x) (135)

Listed next are the arguments of MERCN and their

correspondence to the equations presented in other sections

of the report.

XM(0:MM,0:MM) = X : In Eqs (130), (132), (134), and

(135).

THETAI(O:MM,0:MM) = HE : Eqs (133), (134), and (135).

YM(O:MM) = y : Eqs (130), (131), (132), and

(134).

XTM(0:NM,0:MM) = XT  Eqs (132) and (135).
. ~XTM(0:NM,0:MM) = XT% : Eqs (132) and (135).

T
XTHM(O:NM,0:MM) = X or Eqs (132) and (135).

XTHMX(O:NM,0:NM) = first (XTI} X then (XT O-l l

Eqs (132) and (135).
TGK- -1 xTe -l q(3)

XTXXTH(0:NM,0:MM) - (XT-X) x • Eq (132).

BETAM(ONM) - a : Eqs (130), (132), and (134).

XBM(0:MM) - XaM : Eq (134).

YXBM(0:MM) = y - X8M Eq (134).

A-14L ______________
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YXTH(O:MM) = (y - X6M ) T- : Eq (134).

THETAM(0:NM,0:NM) = ao2(X T el-Ix) -1 Eq (134).

This is the variance-covariance matrix for the merged

constants.

CVRCM(O:NM,O:NM): CVRCM is the matrix containing

the covariances, standard errors, and the correlation coeffi-

cients of the merged constants with the structure the same as

described for the separate least-squares fits.

Calculations are performed in the subroutines CONST

and MERCN using a group of matrix and vector manipulation

routines (Ref 13).

The output of the program consists of the following

for each separate set of data.

1. A listing of the experimental input values v

v' and v" with the calculated value X3

2. The variance of the fit.

3. The complete variance-covariance matrix.

4. The matrix containing the covariances, standard

errors and correlation coefficients.

5. The constants for the upper and lower levels.

For the merged data, the merged constants, the variance

of the fit and variance, covariance, standard errors, and

correlation coefficients of the merged constants are printed.
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* PRG 0 AM DU,'CO.

?c OUNi31"s Wfl.'179 OLA.,324* IC DEC a32
3 :MPL:CII DLUI L PVECi'S~t. (A-HD-Z)

AC DIM~E'o t!NG SYA! EZ* ,S For. Sv'YTOFP-GLESSJEA SM4ALL H-W
C L1SAO-JXEjfJ CATA

7 ozuc 41z:*A AHrTA( 3 :4 19THE' A(L.:f# 91:4)*WACoO0:4)vXTAfC :4 97:9)

10 C OTHNI.Lt. SIATC"EI.TS Fe). lLO -JBF-G DICK!:~th ANJD ZAFE

13 DITmf~oSIC. X'XTVE'(O 9)t~XH':5vTSt '04*AUBI:5I
114 IJIHErSh'-d cv~.Cb(CA10:4)

.C o:4UI.410. STArmch~TS Fe' DATA CF I(URYL(0, ET.AL.
it 31 ME:.s I zo Z A'.JC(0:153,oVC1(o:15),0vc2(0:1151

I ~~OiE'tSrlt. XT~XTC(O :490: It) K8CC3 :15) vXTXCfO :490:4 )oA,u9Cf :15)
1 0~~: rcks I c. CVC c0 9,G: 4)

20 C A. RAY FZ,P MEK'Glf.G 3 SEPAFAT[ FITS

22 01 PaC.SIG. XT 1) g: 0#0:S ) 9X TM G : 4 J: 99X TNX (0 : 4,0 : )
23 ozmcf.SI a YTHN4 A H'AM(D :,,O:A).CVLCmq(:AO:A3
2' 01PVJS1:% xf xx 144(0:4 9c:5 18ET AMC J I * XRMCO:11 vvxmMCO :9
2 f C DATA FOR ZYDEP-GLE,!"ER
26 flA'A AN~U AI?71 .O (,06.15C v O 5.2L 77cS 9222.31)0 9
27 q 5141 .90L 9761 ..3J O ge.C 36. 30C ot35? .70,50 31 .4A 1

2 ;-CATA OVA 1/3Ch, 3Du O:,u3O,~D.I, sic vv3o3 piOcc/
2; DATA QVA2/GD. qCeLA-2~7OO.OfC10
30 C DATA FCP LLDEItiC;G
31 C Al.O
32 C DA'A FOR KUF;YLC
33 C DATA P2. ir.VERSL CLP.TIMEikS
34 DATA A%UCI21tA'3OL.212C0Or,1.,51500o

3 5 + ~~1721 200v 1 7Ck DC. 9 ?0330C 01b91 ,91677300 9
3 ', # 16 140,164 D 00,16 3 40 9 12 9 7 C1 1621 ' 0 115 7 73D00
37 * Va623D301S3c3OZ/

F 3-- C~~~~A TA 0VCI4 00 913D6 9700 9 407D 92 DC 95 0, 2 -
3, # I O 400 1 7 C q ?OC 9 1A4U," 13 DO00 Z03 DO

4 c- ~DATA OVCZ /10. *103 1 OC 10-L930(C CO 9200 *1DZ0 iOO
4 1 *.'DC v4Of, vIIO. 9 qOU 9 DQ 92DC 9300 /
42 C It.TIALIZI!.G M~kG4G PATC;TCr!
43 oATA xI'I1D!%.O..,1O;s,5.CoC,

A? * I l0 14*001)
0 56U

4- flAVA THE.AI/10L,&CD.*

51
-52 -

53 P~

57 C CALCULAT.CN 'IF Cd.STA?.TS FG9 S1YDIEPS DATA
CALL WAVf.U~fA:.UA9MAl

In CALL CGN;T (At.UA.VA10VA2ARETATN(TAXA,XTAXTXAXTXYTA,
X NA j A~iUX BA #C VO CA 0 M A 9 .)

6.' CALL MATE 0 TlrATHEA 9'sMN,410 ))
62 CALL VfCEO(AlsEA9rMP,.gfaU9)
63 C CALULATX.2. .F C-P.TA%. F^P KURYLC)S DATA
64 CALL CON*:T(A'.UCQVC1.OVC ,tAtSLTCTNLTC.XC.XTCKTXCNTUXTC,

fj WS*VC 9ANUXC C JPCC o C v .)
66 CALL NAT (?C'ECTN !A!v,'!P.qeqN4.)
67 CALL VECtL0(AliEYCqTM*N9MP9 I
6.

6 .CALL NA~ i'NVfwETA1,'0#'MvlPV)
ro CALL M~iaCt.(NU,1NCTA.* ,V~TPKT4NE1,1NN,9XKETN,

71 *tsc'ANN,9TIMYTTETAN,CVACNMNNN9%)
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'US-it UT:AoE "Ah:AdV(At....,'PV)
- c -ALF-C!.CC: "HiAll."o FS.Cw PCOG.AM P3EPAC MYv C.R. DA

* .MD0L!CIT Oi.UUHLr 0qLCS(-. (A-H..,-7)

C ............. Z!ITI AL 11A70N
9

Ic P-'* 2: J='?

12 0, 5L'1:.t
13 IF Cpv.f E.!) GC TO 4oC

I'* CL I'=
1 C; ~ i ' 2*%

16 C .. ............ ACH FlIF PIVOT ELEMIEN~T

1,2 1 .. 1C5 Jzo !.
1: .F (!P'V,2T(J).EO.1) GO 1. 1
20 Cl c FR U.STP0Mf T %IC NATQ;X: ACI.J).'.C.A(.5,:l
21 D.: ',.0 K=W.
22 C t YMMETRIC 04A7A1K: A(.oJ3.EO.A(J.1)
23 C 0"' K=Jo.
24 IF (IPIVCT(K).EO.1) GO TC IC'
25 IF (Ai4S(AMAX).GE.ASZ(A(J.o)ll GC TC 13'
26 IROUZJ
27 .CLO=K
2 APMAX=A(J,,()

31) I5 CCP-7 1 %JL
31 lPIV(GT(ICLM)=:ZVQT(!CLM) 41I
32 1 .Dt Xl(I3 I i O
3'! iP.DtKCaI) ICL"
3' C............!NTERC1AI.s; .IWS TO PUT PIV3LT ELEM4ENT ONt DIAGONAL

3- !F (IHRhI.EG.ICLM) GC TC 2(-C

37 Or' 2C3 L=Gt
3.. -IAP= Af(0W*L)
3.1 A(!FCW.LV=A(!CLmgL)
'2 :~C A(ICI.MoL3 = WAP

4.2
'.3
44
4'

f~c 2C '.'V',r A(ICLP09!CLM4)

4(
4 C....................... 9IVIOC ;-.!V-T PCW BY P:VC.T rLEPEtJT

5 u3'A0 A(ICL",:CL%'t z 1.1
-1 ~~U . i J L = '.9

92 3s-C A(CLM#Ll=A:*CLfIL)/F!Vf
53

A- 17



C3a ..... FEDUCE 9t.N-P1V:T A('WS
57~~~~ 0' oJ .5 l g

:F (LI.E0.ICLM) GO IC !53
5-- zA(L1.1CL*A)

40 A(LI.TCLMI = (.'
61 0C 450 L= Co,

6 4! 0 A(L1.13 A(LlvL) - At:CLp4,L)*'
6 3

6F!F tPV.LQ.1) Ij:TUF\ 'EHN6 JUi

7GL= *.-I
71 !ACWd 1?,OEXr(Ll

72 lCLM li.0CXC(L)
13 IF (IRG2.EQ.ICLM) GC Tr. 710

74 or,~0 715 K= 91
75 .,AP=AIK.IkvU)
76
77 A(K,:ROU) =A(K*ICL4)

7t.7-5 A(K,:CLMI = :.,WAP
'10 CCP.l1NUE

01 (1.0
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'-uRiCUT:r t?4 ATML 74/74 IT=C ot- JLI.D= A/ S1 4/-no-D' FT 51.;
0DS:-L'-%G/-fT ,A"G=-C -M ./ XrGC.: USE0/-F7XEOqDB= Tt/ SN, SL/ EpI-ID/ 2qoU-STOPL

1 C THE F)LLLWI.G FX.TIPES PEqF"F' STANDARD 
T ATRtX PPERAT[0J;

C P~.0 VE(kA~ ' PEI'A1OV

MUPLICIT DCUIOLE F'RiC:5101: (A-moof-21

Ci If .5! 5t.. 04 P ,~2

114 03 1 J~c 90
15 1 (bJ)=c0O
16 Oc 2 fo
17 do 2 J:C or
1- 0.3 2 K=C 9N
1-
2C 2 TUJ): A(!tK)*U(K,.J) * (IJ)
21 F ETU J.
22

24 C THIS ROIUTI%i? GUi3PACTS TWO VECTORS

2- 21 c: )= X:)-Y (2)
27 CCtJTtjUL
21- P-CTUAN
2-
30 N!TRY MAI VEC (AtXtZmtP.)
31 -THiIS ICLTINE )MULT.PLIES A ,'ATP!K TIIVUS A VECTORt YEILOING A VECCOR

3 2 00 ". I =0 9
33 ( ?I) 0 D*0
3-0 00 6 100M

3 Or, 6 .J=GN
P6 Z(!)=A(19J).X(J) * 2(I)

* 37 PETt~hN

5- LNiTOY SCAVEC (SXVN
* 40 * THIS ROUTIN~E MU;LTIPL;ES A SCALAR TIMES A VEC'CR TO YETLO A VECT~k.

41 0.' 7 1=C 9%
4#2 7 (=SXI
45 CETU1)N
4

4 t rfwUT~liC~ MULp:ES A SCALAR TIMES A MATRIX
47 1) 3 =

so f.* i u-

52 CAI.P7V VCCV(C (K.V.,Sokl
53 * THZ-, R-?U7,:f.E 1ULTIPL!EL TWO VECTORS tOGEThER YE!LOIlG A ICALAR
54 a~cr55 CL ll4 '
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5UBR3JT::.E VAT6L 74/14 ^P~scfu A/ -f M/-O,-Os FTA 5.1*f-So

54 Sz S * (jJ-y(:)
57
5-

fie C 'HI- ROUTINE MULrIFLrES A VECICIP TIMES A IqATOJX TO VrILD A VECTCq
61 r3 10 I=v-
0.. x(Jl2 cO.0

64 1 1(Jl=X(J) - ?IK2.A(K#J)
65 FETUFU

67 ENTRY Tk:.SP/ (A.VMt?.)
6ds C ?H~ ROU!TINE nAPCSES A UATRIK

b - 00 ;q 1ZL,P'
Tc DO 14 Jz'-#
71 la VI~JI )=AfI.J)
T2 AETU~t.

75
76 EF.TrY CVFkCOF(A.t04,'.,P)
77 C THIS AOU'1%E CREATES A MATPIX FCR PRINT MUt CF
7-.L C STAfs0Af(0 PPCRS# C#;VANIACESv AND CORRELATION C~fFFVZC:Eh' Of

7cC THE "CUI.hA%~ COLFFICENTZ".

32 03 l5 1~com

!F (I.L.J) I HENJ
CI.J)=A(,vJ)

FLSE IF (I.EO.J) THEN~
1 '(1,J3=DSro' CA(TJ)l

b- ELSE IF (:.G'.J) THEI.
BQ ( 1,J)A(.JI(OSPTACZ 91 1.OSQDTEA(J.J)) I

90 t-!.O ',F

1' %clTRNu

9' ENTP Y WAVt.U" ( 9
C#4C THIS Ak]uT:hf CCNVER'S WAVELF'NGTH: IN 40 4GSTROME TC

95 C WAVE NUMiRSf!?VEFSE CENTIMETERS;).
CWITH CCORkCTI',N FCF ~!XO REF 9 AC.ICN Or A!Q

'7 C eLFCOENCE1 *7*. BIAGE9 PHYSICAL REVIEW, VCL. 609 766,-735(19 4 11-
00 16 1 =C.

*o YAF =h~ 272.5 IV;~ * 1.5453DO/UL..200 * C.0216e0/WuL.**O0r
*101 VPFF = 11)3 * XtAEF/.06

103 '.FTUAPj
1I4 ENT:4Y MAEO(ACM~gtJetIp12.K1 K'3
135 C THIS F-CU1114E TkAN FECIS MATPIX A(M*tl) ZNIC VATRIX U
136a C !'APTING AT PCSIrIC% X(Klqi(21
10?

110 Cij I- J=I.q,2

112 .Z=J-K2

113 O(I.JI :A(!ZvJ2)

115 171 C. I l.UE

11? ~ u,

it,, ENTaV VECCC(XZtNomopI)

12C C THIS FPuUII*.E TRAtSFE~c MATRIX X(%lINTJO VFCTOR 7(w)

121 C .i AFT it.G AT POS IT ION 7 (PI 1

124
12r 3i
126 )f !7 14UL

127 4E TUlt.
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SUBRACUTltE C..kL: 74/14 s,P~':qcCU%F: A/ Sl Ml-Uq-Oc F1P! 95.I1sw4

FTN590iH. jolc3q

I "URX:UTI*.E C,.ZT(A'.U,0V1,QV2,RFTA.THETAE,1g'
2 * ,E~zoxTXXToXNA?:UX0,CVkC.MtrjI
3 C THIS F(U7t.E; PEPF4kME THE ACTUAL CALCULATIONd OF THE

c ODUNHAM M:LECULAR CCL.STANTS.4
lmL!l DOLKL FREC.:!c. (A-HO-Z)

7 C;M~t.SIC*~RA:.,HEAj'.:.

10 UOLI4LE P -CI.-'IJN Ll
11 td2:N/2
12 '3N*
1!I C THI1S .;ECT:C% CALCULATES THE X MATRIX W14H IS MADV U2P

14C OF THE V tQA-TCfAL AMWO' RDTATIO.AL QUANTUM NLRAER^
15 C WITH 0V+112" AN.D Oj*J*11) RAISED T3 PGliEOS FOAKI'6 up

InC THE X(I# Jl TERMS.

1- (Y 2CC I= 9
I f P ?2IGC L =O9N2

:1.-2 = L # t-2 * I
22 v(I9L)=(QVW( I ...OC .*Ll

2 2L(.L C316TINUJC
2" 00 2,G2 L=1.3tN

2 c LiL-%.2

27 213Z CC% T TNUE

20C C ALCUL AT ty IF C kfSYA t.r S
30 CALL 1Tr.SFZ(X9XT9Mh,)

31 CALL MATMLTlXTqK.KTv.Nht.*k)

3 CALL MATINV(XTXNvNIPV)
3's CALL MATMLT(XTxoxT*XTXT*rJ,9,tq)
3- CALL MATVEC(XTXXT ,ANU914U A ,%*M)

3. C CALCULATZVN OF VARIAhCE OF ENEPGY LEVEL. OF ZS DEGPEES
37 C Zf FpCO:v.

3=CALL P4ATVEC(K.I4ETAXi.P4,'.
4T CALL VECSUB(afouvXaAuX~vlM
41 r'lfIN7.* OVI 0V2 CPSEPVED CALCULATED'
42 DO 996 !=304

44 T~ FCPEAT (2kF3.0,21I.F3.0,2X ,F19.7,2X.F15.7)
il.b CONT:t.UE

4% CALL VECVfC(A,LxRA,.XN.:TEMP.9.p.)
1#7 VAAINZ=STE!WPe0F

F;IP."*90O 'VAh.A%.CE CCVAPI.ANCE MATRIX ELEMf%'S9
CALL ;C*wA*1I VAR: N-29 TX*T.ETA 0.911)

*54 1 3 CON!: ?.UE
55 C
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iUH~vJt: X Ckf.c 71# 1 I -2 v0 LID A/ MI-09-OS F1P. 5. 1 *1 j

C '-11 CC' :-.PLAC!.. TMi C, VAI ANCES, AROVE H~E 01AG'NAL
51 r Cf T~t: "A!,.iX ICVPC.0 IT PLACES THE sTAt.nAC ERRprQ-
5i' C F 'R THE CK'PiV::Af.TS GN THE DIAGONaAL. ITS CALCULATES -Hr:
5 ? C CZAElLATIct, C3EFFIC1('.TS ANDO PLACES 'HEM BELOW THE V)IAG'EAL.
6L CALL CVRCCR1?,JfTA9CVRCqo%qN)
is1 P;:I%T .. STAV.DA 0 EC.;U =J). C3IRRLC3rV(L)Jl ,COVAPAICE(I(CJI*
62 00 .15 =O,

f- 3 10) 614 J:c9.A

65 615 C,;%T I IUE
66 C P-I%7l CV! THE CC.%STAP.'S F30 THE TU3 ELEC'PONIC STAtF1
61 P ,I!'. *, 0!
6., PrIN..E0 *.V'8ATICAL COP.5TANTS FCR UPPER LEVrLO

71 POIN' e9_9

72 pfIN'o 0*6VIBRA-IrNAL C"14SrAtrS FOR LOWER STATE*

76 Ir-O
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oO3=-L,)h6/-CT ,ArC -CC.%M;./-FtIXEO,CS: USEF-/-FIXEO.O9: Tlif SO/ !Lf FR/-t.D 0of-S'*L:

I :UkVICUT1IE Mt.-C'.(Xu,9TETAI ,Yl-X I.,9XHM.6lXTH4xXtXXXTM,
2 +BETAMo XOMVXl4M9YXTrHETAPa.CVQCM nth I

3C THIS QOtU1!I-t MCFGfS F~(SULTS T3 OGiTAI-% A HrsT FSYIP'AYE c*j4 C O~F THE SP CTitiw-AFHIC C'n.StA%TS c
5 ?MPLICIT OCUMLE PREC!SICh (A-HvQ-Z) I
6 01 PV-SIZta XMI:M,0:%),THEtAI (3:M,3:M),YMCC:4)

s 01 PE*.S I0i. OLTA~(t)C(3N ),Ym( M1 XT(M) TMT A"((!'IY90F :N
10 01 PupSION, Yxiti~c: 4)
I1I OT PESICN CvF;cM( a:hoc::r.)
12 C CALCUiLATE DEGREES OF FREE004 AN'D!VTDE INTO I
13 DF=100/( M-V ) C

14 C CALCULATE MIQGEC CONSTANT.S
15 CALL TRNSFZ(XPsXT~qPqh)
16 CALL MATMLT(XTP#THETAI .KTtNvMsM) c
IT CALL MATMLT (XTh1* XM#XTHNX IN vM.S.

IQ CALL PAT:NV(XhiM0XvN9&#.PV)
20 CALL MATMIT (XT11XX1MrqX1EKTq~o g4M)

21 CALL MATVEC( XTXXTbIYM,8ETAKftJU)
22 PRIN.'e $0' MERG6ED CONSTAA:TS*
23 00 2,so 1=00N
24 2 OC PRIkT..' ',Z.&9L-APtZ) 1
25 C CALCULATE EZ TIMATEO VAP IAPCE OF MERGED FIT
26 CALL MATVEC(WHHErA"9X8P9P9N
27 CALL VECSuH(YMvXBM*1XBMoP)

20,CALL VECMAT(YXE3M9TI4TAI .YXTHsMsM)
2", CALL VECVEC(YYHvYXfjM9TfmVPvM
30 VARM=D~e'LM!
31 PRINfe.' WsEZTIMATEO VARIAO"CE OF MERGED FIT'
32 PRINT a.to *If ',VAtP4 I
33 C CALCULATE VAPIAPiCE-CCVARIANCE MATPIX
34 CALL SCAMAT(VAPM9XTNMX9TMErAM,%,Nb
35 PRINT.,' '.'VAIIIANCE-COVARIANCE MAtRIXQ
36 DO 2510 1=0*.
37 00 2t)20 J=Q 9 .

313 252C PRINT&.' ',tJ9,1HUAMCIvJl
39 2510 CONTINUE
40 C CALCULATF PAT:;IX CGNTAINING STANDARD ERfiORSoCCVAR:AN4CFSo
41 C A,',O CCRPELATICN CCEFFXCIENTS.
42 PPINT.,' @,'STAP4OAPO FP0R(tJ),CIVARIANCE(ICJICCRRELA04 1
4 3 PRIKT.' 9v6CCEFFICIENTS(J) I
44 CALL CVRC0RC'IIETAMCVRCMN#%.tfJ)
45 03 2530 1:C..
46 00 2540 JI=601
41 254C POII*9' ',:.joCvRCMIIJ)

0. ~ 2530 CO?4T:hUEI
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- V G Q V2 0H5RVWfl CALCULATED

3. 4. 146P I. f3456,; 146o2.E41*3f1
80 a. A. It# Ili I ass 14175.5752521
0. 4. 13367.3ft'.234) 13367.65*3264

- 1. 7. Ij 2fb 3 - it 4 5 6 " 1!52;4 1-3239514

l. 6. 1244C.24'2036 12437.-63f

* 3. A. 1156" 1 3p.i1.- 11171 o233iCt !

VA-41A%CE C vAR:AV.CF I'AT;-A ELfwfr.'

o 3 29o7283146i7-2G2,24:5 36i12'~5 -to
o 4

1 2 -. 112,
1 3 -5. 37773.I5olS1,
1 4 .5934274-43C52-J,49t5251

2 1 -.6937229 5S17 0 51b3I515
9 4f,3 7CS5

2 2 .4i767234#Pt..2256o01.mP52 !4'11
2 3 .34231)21fi6162A452S5-0b95
2 4 -. 2310 Ai-14 64144
3 0 29. 72831467,2022265361505'35
3 1 -5. 33973JI 77-!3 L1 435409 75374-
3 2 . 3-1:319216CL1624'48452985') O 1
3 .3 1 3o PIO36A07 1966309dbg4347 11)
3 4 -118A511?b,7994
4 0 -3. 1 39422C61-9661 05 1415t146727
4 1 .503422A6438C52i995352'-
4 2 -.3423019804a'9164,#7614219,155
4 3 -1.128749571316'e78-33271;46944d
4 4 .1221376 53e21571353-673C555

STANDARD ERRORCI=J~, CGiFRELCZEFU )J).3VAR1At.CE(!<J)
0 0 10.34136250'246i77633521 176'I
0 1 -24#.823002i34l967' 426
0 2 1.'4554#t0O(32713L953.?2Q41o1r
0 3 29.7283146746202Z2653615050-4
0 4 -3.03'942206996610!')4',!6146726

)1 0 -oA15910954530275794487410141
I I 2.-)4194o14ij38123477'29Gc46276
1 2 -.4937229751315159.tfle751
1 3 -5.35397987795306143 5 4.9175373,t
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Appendix B

RKR-IPA Program

The following section contains the RKR-IPA program

as provided by C. R. Vidal.

Presented first is a written description of the pro-

gram and instructions on the use of the program. Next, the

original introductory comments by C. R. Vidal on the use of

the program are presented.

Then a complete listing of the program and a sample

output is presented.
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Program Main (RKR-IPA Control)

Presented in the following section is a discussion

of the RKR-IPA program provided by C. R. Vidal (Ref 41).

The program MAIN contains a routine to perform RKR calcula-

tions and a routine to perform IPA calculations starting with

the potential obtained from the RKR program. The program

was originally written in Fortran IV to run on a CRAY-i

computer at the Max-Planck Institut fur Extraterrestrische

Physik, Garching, Germany. It has been modified slightly

to run on the CDC 6600 computer at the Air Force Institute

of Technology, Wright-Patterson AFB, Ohio. The program, as

presented in this appendix, is written in Fortran V. Comments

provided by Vidal at the front of his program are included.

PUNCH statements included by Vidal have been changed to

comment cards. Many of the formatting statements have been

changed from Hollerith editing to apostrophe editing formats.

Due to memory size constraints, 370 K octal, several

arrays were reduced in size. Arrays now sized (2403) were

originally sized (3601) in Vidal's program. Arrays sized

(11,2403) were originally (24,3601) in size.

As sized, the program required a field length of

211,600 octal to run. A core memory size of 360 K was used.

Maximum run times used for the RKR routine were less than 20

seconds. This involved the calculation of turning points

(RMIN, RMAX) for 128 different energy levels.
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Run time for the combined RKR-IPA routine ranged

from 160 seconds for the calculation of parameters covering

the following ranges:

v, vibrational quantum energy levels; v = 0 to 69

J, rotational quantum energy levels; J = 1

Iterations of IPA routine; n = 4

Array sizes; 1001 of 2403 maximum

to a maximum run time of 1150 seconds for:

v = 0 to 70

J = 2,6,10,14,17,20,21,23,28,30

n = 4

Array sizes; 1001 of 2403 maximum

One change has been made in the logic of Vidal's

program. In the function subroutine FUNC, line 37, the third

line after statement label 70, was changed from:

IF (XX.GT.RAA) RETURN

to

IF (KK.EQ.l) RETURN

The consequences of and reasons for suggesting this

change are presented in the discussion of FUNC.

The discussion of Vidal's program is divided into two

subsections: first, the discussion of the RKR portions ofS

his program and, then, a discussion of the IPA portion.

Within each section, the discussion is started with the inputs

*required of the user. Then the logic of the program is
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traced with explanations of the calculations and the sub-

routines used.

Numerical RKR Calculations

This section starts with the inputs required to per-

form the RKR calculations. The card number, the name of the

input and the format of the input is given. The word CARD

is used if only one card is required. CARDSET is used if

more than one card (line of data) may be required.

CARD 1

NAME: ITEST

FORMAT: Integer.

ITEST should be placed in column 1. If

ITEST =O, the program stops. If ITEST = 1,

the program is executed.

CARD 2 and 3

NAME: IHEAD

FORMAT: Lines 1-72 of these two cards.

These two cards contain the title to be

printed at the top of the output. Rele-

vant information that is suggested for the

title includes the name of the molecule

with the isotopes involved, the electronic

state for which the calculations is per-

formed, date, etc.
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CARD 4

NAME: IIMS, ZMASI, ZMAS2, ICODE

FORMAT: 14,2Dl6.9,32X,A4

IIMS must be 1 if the masses of the atoms

are expressed in AMU's based upon the

Carbon-12 scale and 2 if they are based

upon the Oxygen-16 scale. ZMASI a:Ld ZMAS2

are the masses of the two atoms expressed

in atomic mass units (AMU). The reduced

mass of the two atoms may be entered in

place of ZMAS1. If the reduced mass is

used, ZMAS2 is left blank.

ICODE is the alphanumeric code used to

describe the electronic state under

investigation.

CARD 5

NAME: NDUN, JM(l), JM(2)...JM(NDUN)

FORMAT: 1415

NDUN and JM specify the number of Dunham

coefficients YDH and the order in which

they will be read into the program.

CARDSET 6

NAME: YDH(l,l), YDH(2,1)...YDH(JM(2),l)

YDH(I,2), YDH(2,2)...YDH(JM(2),2)
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YDH(1,NDUN), YDH(2,NDUN)...

YDN(JM(NDUN) ,NDUN)

FORMAT: 4D18.9

These cards contain the Dunham coefficients

required as input for the RKR routine. The

READ statement is structured so that JM(I)

values of YDH(JM(I),I) are read in for

each value of I with I ranging from 1

through NDUN. For each new value of I,

the 1 through JM(I) values of YDH should be

started on a new card. This means that

the JM(1) coefficients Y(l,n) are read

in, then the JM(2) YDH(2,n) coefficients,

etc.

CARD 7

NAME: DE, TE

FORMAT: 2D15.8

DE is the dissociation energy and TE is

the electronic term energy of the electronic

state. Both are expressed in reciprocal

centimeters. DE is the difference between

the minimum in the potential of the electronic

state and the dissociation energy. TE is
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the energy separation between the minimum

of the potential curve and the minimum

potential on the ground state of the mole-

cule. If the ground state is being

investigated, TE is omitted.

CARD 8

NAME: VFIN, VINC

FORMAT: 2F6.2

VFIN is the largest vibrational quantum

number, v, for which the RKR routine

calculates the classical turning points

r minimum (RMIN) and r maximum (RMAX).

The turning points are calculated starting

with value of v = -0.25 and for each value

of v from 0 to VFIN in increments of

VINC. It is not necessary that either

VINC or VFIN be whole numbers. That is,

both may be decimal fractions. The quantity

VFIN/VINC must not exceed 398.

CARD 9

NAME: IOPG

FORMAT: Ii

IOPFG is the Klein action integral. "I"

(see Eqs (32) and (81)), print switch.
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All iterations are printed if IOPFG=I.

If IOPFG=0, these values are not printed.

CARD 10

NAME: RLIMI, RLIM2, NEXT

FORMAT: 2F6.2,12

FLIMI and FLIM2 are the inner and outer

limits of r, respectively to which the

RKR curve will be extended. The curves

will be extended by fitting formulas to

points making the inner and outer portions

of the curves plus any extra radius-

potential energy pairs input as data to

guide this fit. FLIMI and RLIM2 also

determine the range over which the final

IPA curve will be expressed. RLIMI and

RLIM2 should be sized to contain any

inner and outer radii generated by the

RKR and IPA programs.

NEXT is the number of extra data points

which will be used to guide the extension

of the curve. NEXT must be less than 25

and may be 0 if no extra data points are

to be added.

These data points must be obtained in one

manner or another. The program does not
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specify how. But if these points are

available, this card makes provision for

entering them into the program.

CARDSET 11

NAME: Rl(I),PEI(I), where I = 1 to NEXT

FORMAT: (4X,lPDI6.9,7X,D16.9/)

If NEXT = 0, these cards are omitted.

Rl(I) and PEl(I) are the radius and

potential energy pairs which will be used

to guide the extension of the RKR curve

which will be adjusted by the IPA program.

Rl(I) should be in angstroms. PEI(I)

should be in reciprocal centimeters.

These NEXT points, along with a given

number of points from the inner and outer

ends of the RKR curve, will be used to

obtain a fit to formulas as described

below to extend the original RKR curve to

the RLIMl and RLIM2 limits.

CARD 12

NAME: KFIT(l),KFIT(2),KOUT(l),KOUT(2),

KOUT(3),KOUT(4)

FORMAT: 615

KFIT(l) is the number of constants (An)

used in fitting a formula to the inner
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portion of the RKR curves. The formula

is of the form:

V(r) 10A1+A2*X+A3*x 
(136)

where

re - r

re

KFIT(1)+2 is the number of data points

taken from the inner portion of the RKR

potential. These points, along with any

extension data contained in CARDSET 11

for the inner portion of the curve, will

be used to guide the extension of the curve

to RLIMI. KFIT(2) is the number of con-

stants (terms) used in the formula to

extend the outer portion of the curve to

RLIM2. The formula is of the form:

V~r = 1)KOtJT(l) ()KOUT(2)(lKOUT(3)

+ ... (137)

KOUT(I), as shown above, is the power to

which each 1/r term is raised.

KFIT(2)+4 of the outermost turning points

of the original RKR potential plus any
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outer turning points included in CARDSET

11 are used in extending the curve to

RLIIM2.

If CARD 12 is blank the default values for

KFIT(l) through KOUT(4) are "2,4,0,6,8,

and 10" respectively.

CARD 13

NAME: IPNRKR,IPNIPA

FORMAT: 212

These two values in Vidal's original program

controlled the punching of an output deck

for the RKR and IPA programs. As the

PUNCH statements have been changed to

comment cards, these two inputs should be

0 until the program in the appendix is

modified. In the original program, if

IPNRKR and IPNIPA equaled 1, the card

decks were punched.

CARD 14

NAME: LTEST

FORMAT: Ii

If LTEST = 0, the IPA routine is skipped

and the program proceeds to read in the

next set of data starting with the quantity

ITEST. See CARD I.
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This completes the input required to run the RKR

portion of the program. Input required for the IPA portion

of the program will be presented with the discussion of the

IPA calculations.

The following section discusses the functions of

each of the major routines of the RKR program in the order

which they are used. The headings used are the titles of the

subroutines. Sections of the program which have a physical

significance and are helpful in understanding the flow of

the program are highlighted. Numerical techniques which per-

form the RKR calculations are discussed in more detail to

aid the reader in understanding the technique. Calculations

which are straightforward and not necessary to understanding

the program are not described.

The line numbers in parenthesis refer to lines in

the program in this appendix. In this development, program

symbols corresponding to the mathematical symbols defined for

the RKR calculation are given immediately following the

mathematical symbols to which they correspond. The symbols

are placed in brackets.

PROGRAM MAIN

PROGRAM MAIN acts as a controller directing the major

objectives of the whole program, the calculatior if an RKR

curve and its adjustment by the IPA routine.
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MAIN starts by insuring that mass units of the atoms

are expressed in terms of the Carbon-12 system making conver-

sions as directed by input data in IIMS (lines 12,23,24,28).

The reduced mass, ZMU, is calculated in AMU's (line 27).

The Dunham constants, YDH, as specified by CARDSET

6, are read as a result of the statement CALL YDHP1l

(line 30). The Dunham constant Y 01 is assigned to "BE"

the normal name of that spectroscopic constant as shown in

Table I (line 31). Then using BE, the internuclear equili-

brium distance, re , is calculated in angstroms according

to the following formula:

FAC 8 hNA X0(
re (BE) 47cipBe) (138)

Then Y00 is calculated according to Eq (6) (lines 35 and

36).

SUBROUTINE RKR

This routine is called from line 70 of PROGRAM MAIN.

First a calculation is performed to determine the

number of G(v) energy levels which will be evaluated in

the RKR routine. This number is assigned to the variable

"M" (lines 34-39). Then values of the vibrational quantum

number, v , for the G(v) energy levels are calculated

j; (lines 44 and 45). In the program, the term "TEMP" corresponds

to "v" and the term "U" to G(V) . The function POLY performs
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the calculation of U [Gvl according to Eq (87) (line 46,

statement label 110).

The program calculates, by an iterative technique,

the value of "v0 " corresponding to Eq (90) (lines 51-62).

It uses the Newton-Raphson method to find the value of "v 0"

at which Gv+Y=0 (Eq 89)). The program uses "v = Y0 0 /Y1 0
,I

as its first estimate of "v0  (line 55). From Eq (90), it
*

can be determined that "vo" is approximately "1/2" quantum
*

units larger than the true value. Next, the value "G(vo)+Yoo"

is calculated (line 56). The Newton-Raphson method is used

to converge to the value of "v0 " which satisfies "G(vo)+Y00=0
'

(lines 57-62, between statement labels 120 and 130).

For illustrative purposes, the Newton-Raphson method

may be formulated as:

f(xi)139

x2 =Xi - fiX) (139)

3y the definition of fi(x):

f(x)= f(x 1)-fx 2 ) (140)

Hence:

IfX1 - X2 141

X2 = x, - f(xl) f(x AX2  (141)

which corresponds directly to format of line 58. In Eq (141)

f(x) corresponds to "G(v0 )+Y00 ". Loop 120 is repeated until

a value of "vo" is obtained such that "G(v0 )+Y00 " is close to

0 (line 57, statement label 120).
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The remaining portion of the RKR routine, from state-

ment label 130 to the end of the program, performs the inte-

gration required to solve Eqs (88) and (93) for "f" and "g".

These, in turn, provide the classical turning points RMIN

and RMAX of Eq (94). RMIN and RMAX values are obtained for

each value of "v" [TEMP(I)] and corresponding "G(v)" [U(I)]

as selected by inputs VFIN and VINC.

The solutions of the integrals for "f" and "g"

contain a singularity. When "G(v') = G(v)", the denominator

[DENQI of Eqs (88) and (93) go to 0 (lines 82,83,102, and 110).

This singularity handled by assigning an "artificial" upper

limit "v" [BS] to the integrals which is smaller than the

true upper limit of the integral, TEMP(I), for the energy

level "G(v)" [U(I)] involved. The artificial upper limit,

BS, is allowed to approach the true value of "v" [TEMP(I)]

in increasingly smaller steps until the solution of the inte-

grals for two consecutive values of BS meet certain criteria.

As BS is changed, the dv [d(BS)] contribution to the

integrals is calculated and added to the sum for the integrals

of "f" and "g". The rate at which BS approaches TEMP(I)

is calculated in lines 72 and 130.

The criteria used for determining whether the solu-

- tions to the integrals are close enough to their true solu-

tion are given in lines 120-124 (statement labels 250-260).

FEG is the value of the integral "f" for a given value of

BSn (line 120). FEG2 is the value by which the integral for
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If" is in increased for the new value of BSn+ . Thus, if the

ratio of the change in the value of the integral (FEG2) to

the previous value for the integral (FEG) is less than

0.5x10- 7 , the accuracy to which "If" has been determined is

considered to be satisfactory. GEG2 and GEG in line 121 are

tested in the same manner. In line 122, a ratio of changes

(FEG2/FEGI) in the value of the integral "f" (FEG) for two

consecutive calculations greater than 0.9 indicates that the

accuracy of the integration is reaching a Limit and should

be halted. First, a ratio greater than 0.9 could indicate

that the convergence to the true value is slower than desir-

able. Second, stopping the integration at this point is

justified if the FEG1, FEG2 values are small. It is assumed

that they are small. Similar arguments are given for GEG2

and GEG1.

The RKR program contains two integration routines.

For the first three adjustments of BS, the upper limit of

integration for "f" and "g", a Simpson rule integration is

used. Lines 77-92 perform the integration of the functions

for "f" and "g" over a range from VMIN (v) to BS on the first

cycle. On the second cycle, VMIN is equated to BS, the lower

limit of integration and a new upper limit BS is established

as previously explained. In line 77-92, UV corresponds first

to the v' and then to the (G(v)-G(v'i) of Eqs (88) and (93).

And, expressed in the notation of the computer program, EV

is the G(v and BI is the B(v') of Eqs (88) and (93).
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For the fourth through the twentieth adjustments of

BS, a Gaussian integration routine is used to provide a

higher degree of accuracy. The routine is contained in lines

93-113 (from statement label 180 through label 240). The

abscissas [XGAUS] and weight factors [AGAUS] are listed at

the start of the RKR routine for a Gaussian integration of

moments where K=O and N=4,6, or 8 depending upon the success

of the iteration. The formula for the integration is

(Ref 1:931):

n
x k f(x)dx w f(x) (142)

i=l

Where

x. = abscissas1

w i = weight factors

Finally, RMIN and RMAX for each v , [TEMPI and

Gv , (U], are calculated in lines 139 and 140 per formula (95).

After all turning points have been calculated, control

is transferred back to the program MAIN where CALL YDHPII(0)

causes the input Dunham coefficients plus Y0 0 to be printed.

Routines EXTEND, GLSQ, FUNC, and EXTEND

The subroutine EXTEND, in conjunction with the above

routines, performs a least-squares fit to the inner and outer

.4 portions of the RKR and extend them to RLIMI and RLIM2

respectively. The fits are performed according to Eqs (117)

and (118). Eq (117) expressed in the notation used in lines

16-31 of GLSQ and 31-39 of FUNC becomes:
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Log,0 U(I) = Z(I)=BI[x(1)]
0 +B2[X(I)]'+B3[X(I)]2 +... (143)

Z(l) is calculated in EXTEND and, as expressed, is the log

to base ten of the energy. The inner turning radii, RMIN,

are transferred into the X(I) array, and then the function

FUNC (called from line 18 of GLSQ) transforms the variable

X to the form given in Eq (117), i.e.,:

re - r.i
X = (144)

re

Expressinq Eq (124) in the notation of GLSQ yields a matrix

equation of the form:

n Ex. 7xi 2 x 7 B Z

S x. Zx.Z 7 x. I -x. B Z

-X. 3 -x. , B Z (145)

, or

A(J,K) * B(J) = BB(J)

where A(J,K) is formed in line 22 of GLSQ. BB(J) is formed in

line 20. In line 23, the routine MATINV solves Eq (126) by

inverting A(I,J), multiplying it times BB(J) and returns the

B vector in place of the BB vector. The operation performed

by MATINV may be expressed as follows:
I

B(J) = A(J,K)- BB(J) (146)
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A similar pattern is followed for the outer portion

of the curve except that formula (118) is used instead of

(117).

After the fits have been performed, EXTEND calculates

20 additional points between the inner limit of the RKR

curve and RLIMl, and 99 additional points between the outer

end of the RKR curve and RLIM2. The points are calculated

using fitting Eqs (117) and (118).

The change made in line 37 of FUNC affects the manner

in which the curve fit is performed for values of r between

the inner limit of the RKR curve and RLIM2. The difference

occurs only if the extension data input in CARDSET 11 has an

r , [Rl(I)I, between RLIM1 and the inner limit of the RKR

curve. When FUNC is called from GLSQ which, in turn, has

been called from EXTEND with an argument of "1" (CALL GLSQ(1)),

the inner turning points are to be fit according to Eq (117).

As written in Vidal's original program, line 37, "IF (XX.GT.AAA)

RETURN", permftted the routine to continue on to the next

statement when extra extension data was added with a radius

less than the inner limit of the RKR curve [RAA]. This

resulted in the returning of the energy [U(i)] of Eq (143)

instead of the log of the energy, [Z(I)]. Then when the energy

and :he log of the energies are mixed in the fitting process,

the fit is incorrect. By changing line 37 to "IF(KK.EQ.l)

RETURN", the fit for the inner turning points is performed

correctly. The variable "KK" is always "l" when the fit to
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the inner portion of the RKR curve is performed (line 31 of

EXTEND). This change does not affect the operation of the

program when FUNC is called from other routines. When FUNC

is called from line 56 of FIPA, "KK" is equal to "0".

Hence, the radius [XX] is the controlling factor in lines 7

and 8 of FUNC. Then when the potential energy for the exten-

sion points are being calculated, the routine proceeds thr, 1gh

line 37 as it should.

This concludes the discussion of the RKR calculations.

Subroutine FIPA

Control of the program is transferred from MAIN to

FIPA by line 83. This routine controls the IPA portion of

the program. In the following section, the inputs required

to run the FIPA routine are described.

FIPA Input

CARD 14

NAME: LTEST

FORMAT: Ii

This input description is repeated from

the RKR section. If LTEST is not equal

to "0", the IPA calculation is continued

and an IPA data deck is required as

described below.
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CARD 15

NAME: NI,NS,IPSIQ,MAXITT,EPSC

FORMAT: 414,D10.0

If NI=l, data from each SCHR iteration is

printed.

If NI=0, the iterations are not printed.

If NS=l, the wavenumbers are printed at

every IPSIQ points.

If NS=0, the wavenumbers are not printed.

EPSC is the convergence criterion for the

solution of the Schroedinger wave equation

fo- its energy eigenvalues, Evj An EPSC

of 0.001 wavenumbers is suggested as a good

starting value.

PAXITT is the maximum number of times SCHR

will attempt to satisfy the convergence

criterion.

CARD 16

NAME: RMIN, RMAX, M NRPTT, NPL, MCH, LSW

FORMAT: 2F10.0,515

RMIN and RMAX are the minimum and maximum

values over which the potential is evaluated

by the IPA procedure. M is the number of

points at which the potential will be

evaluated. The maximum M should be 2401,

for the program as written in the appendix.
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Memory size limitations may dictate that

fewer points be calculated.

NRPTT is the number of iterations performed

in the IPA routine. On the last iteration,

the rotationless potentials are calculated

to obtain G and B

NPL is the number of terms in the Legendre

polynomial used to represent the correction,

AV , to the energy potential.

MCH is the control used to punch a deck of

the G and B values. As stated, all

PUNCH cards have been changed to comment

-I cards. If PUNCH statements are reactivated

and MCH=l, the decks will be punched. Note

that PUNCH is not a legitimate Fortran V

statement.

If LSW=O, the first and last iterations of

the IPA program are printed.

If LSW=l, all iterations are printed.

CARDSET 17

NAME: (MTRMIN(I),MTRIAL(I),BJTT(I),I=1,ll)

FORMAT: (6(I2,I3,F7.0)/5(I2,I3,F7.0))

-/ MTRMIN and MTRIAL defines the range of

vibrational quantum numbers, v , which are

investigated in the Schroedinger calculations.
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I,

These variables are input as "v+l" values.

Hence, an input of "1" corresponds to the

vibrational quantum number "0", etc.

BJTT determines the "J(J+l)" values for

which the corresponding MTRMIN-MTRIAL

range is calculated. The number of BJTT

values is limited to 11. The last BJTT

value must b, "0" so that the rotationless

potentials may be calculated.

This completes the input required for the RKR-IPA

program.

The IPA routine uses the Numerov-Cooley method to

find numerical solutions to the Schroedinger equation (Refs

11:363; 14:1872). The routine presented here provides a method

for finding solutions for bound states. Vidal also mentions

methods for solving unbound states (Ref 43:7). They will not

be presented here.

Terms initialized at the start of FIPA are described

here. AZERO is the Bohr radius as measured in angstroms.

Lines 47-49 repeat the calculation of "r", e[RRE], the inter-

nuclear equilibrium separation according to Eq (119). Line

50 converts "r " [CREJ from angstroms to units of Bohr Radii..- e

Lines 51 and 52 insure that the limits of the extended

RKR curve are beyond the RMIN-RMAX limits specified by the IPA

input CARD 16. If not, the RMIN-RMAX limits are redefined to

conform to the limits of the extended RKR curve.
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Line 53 defines the step size of r [RH] for which

the potential curve is calculated.

DO-loop 140 calculates the radius-potential energy

pairs [P(J) and V(J)] which will be used in the IPA routine.

The line of statement label 140 calls on the function FUNC

to generate potential energies for each value of r . FUNC

obtains the potential energies, V(r), for each value of r

by performing a Lagrangian interpolation on the radius poten-

tial-energy pairs of the extended RKR curve. The Lagrangian

technique may be expressed as follows (Ref 16):

n n

V(r) = - r-rj (147)

i=0 j=0 ri-rj

where r is the value for which V(r) is to be calculated.

In FUNC, four points on both sides of r are used for the

interpolation of each point. In this manner, the V(r)

values are obtained for evenly spaced values of r from the

unevenly spaced potentials of the RKR routine.

The section of FIPA following the comment "SEARCH FOR

CENTRIFUGAL BARRIER," finds the maximum energy which a mole-

cular system can have for a given rotational energy level,

J , for a bound state. Expressed in the notation of the

computer program, the effective potential energy, SX, is

calculated by the formula:
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rRE 1 2
SX = V(I)+ABE* p(I) *AJTT (148)

In lines 65-72, SX is calculated for rotationless potential

energy and radius pairs, [V(I) and P(I)]. Hence, SX is

the effective potential energy for a given radius and rota-

tional quantum level, J . Fig B-1 shows the behavior of

the potential for increasing J values.

The program first finds the minimum of the potential

curve and assigns it to ASX. Once the minimum has been found,

the potential increases with r . Each successive larger

value of SX is assigned to TX. At the same time, ASX is

equated to SX. This process is continued until the effective

potential energy curves reaches a maximum as in Fig B-1.

This maximum value of SX is retained in TX and is the sought

for centrifugal barrier.

Having found the largest permissible value of SX (TX)

for a aiven J value, the routine BETRL (line 73 of FIPA)

finds the EvJ[ETRIAL] which is just smaller than the centri-

fugal barrier, TX, and the corresponding rotational quantum

number plus one (v+l). The "v+l" value is returned as NTRIAL

to the FIPA routine. NTRIAL is then compared with input

MTRIAL(KI) and the smaller value retained in the variable

MTRIAL(KI) (lines 74-76). The ETRIAL corresponding to the

retained MTRIAL(KI) is stored in the array variable ER(KI)

(line 77).
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In addition to calculating the effective potential

energy, the routine BETRL also calculates the values for B
v

[BTRIAL], where J does not equal 0 . The variable Bv

is determined according to the following relationship:

B 3E vjETRIAL
Bv j = 5J(J+1) = 7J(J+l) (149)

The next step is to determine the range of internuclear

separations, r , which is to be considered in the IPA routine.

This range is predetermined by the MTRIAL(J) and BJTT(J)

values. This range is assigned to the variables RMII and RMAA.

DO-loop 200 performs the first step in identifying the

RMII and RMAA values. The third line of the loop finds the

first energy level, V(I), on the inner portion of the RKR

curve which is smaller than or equal to the ER(KI) value

being investigated. The value of the subscript for that

V(I) is retained in N3AA. Line 88 finds the first energy

level, V(I), on the outer portion of the RKR curve which is

just larger or equal to the ER(KI) value being investigated.

The subscript of that V(I) is retained in N3BB. The process

is repeated for each ER(KI), and the smallest value of N3AA

is retained as N3A (line 92, statement label 220). The

largest value of N3BB is retained as N3B. The values N3A

and N3B are the subscripts of the array P(I) which provide:

RMII = P(N3A) (150)

RMAA = P(N3B) (151)
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In this manner, the limits of r over which the IPA routine

and Schroedinger equation are to be investigated have been

established so that they are consistent with the specified

values BJTT(I) and MTRIAL(I) and the centrifugal barrier.

The values MTRMIN(KI) along with the MTRIAL(KI) values which

have been adjusted to be consistent with the centrifugal

barrier, determine the range of vibrational quantum numbers,

v , over which the RKR curve is evaluated for each value of

BJTT(KI). This is true for all iterations.of the IPA routine

except the last iteration.

The range of vibrational quantum numbers, v , which

are considered in the last iteration for each BJTT(KI) value

may be different from that range specified by NTRMIN(KI) and

MTRIAL(KI). The investigation of potential energy ranges

specified by RMII and RMAA may uniquely define energy levels,

Evj , for a specific BJTT(KI) value not included in the input

NTRMIN(KI)-MTRIAL(KI) values. For the last IPA iteration,

MTRIAL(KI) is replaced by LTRIAL(KI).

If the radius of the centrifugal barrier is greater

than RMAA and, thus, outside the region investigated by pre-

vious iterations of the IPA routine, the maximum energy

level to be investigated for a given value of BJTT is the

smaller of the two following values:

TX = V(N3B) + ABE(RRE/RMAA) *AJTT (line 99) (152)

SX = V(N3A) + ABE*(RRE/RMII) AJTT (line 101) (153)
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where V(N3A) is the potential energy corresponding to RMAA,

and V(N3A) is the energy corresponding to RMII.

If the radius of the centrifugal barrier is smaller

than RMAA, then the energy of the centrifugal barrier,

YMAX(KI), for a given BJTT(KI) is compared with the value in

Eq (152) and the smaller value retained for investigation

and assigned to the variable. BETRL(TX) then identifies the

first quantum vibrational-rotational energy level below TX

for a given BJTT(KI). Then "v+l" is assigned to the LTRIAL(KI)

variable.

Subroutine PLEGEN

Subroutine PLEGEN and lines 109-119 perform the calcu-

lations necessary to give a numerical value to the function

f(r) which will be used to perform the calculations of

Eqs (113), (114) and (115).

First, all the radii measurements are converted to

units of Bohr radii.

Kosman and Hinze chose Legendre polynomials Pi(x)

to represent the fi (r) functions (Ref 23). Vidal found

that attempting to extend calculations beyond RMII and RMAA,

as specified by Evj , produced large oscillations. He

finally settled upon a combination of Legendre polynomials

and an exponential function to dampen the oscillations.

This combination improved the convergence of the IPA method.

The expression Vidal used is as follows (Ref 41:50):
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Ave(r) = Z cPi x) exp (x 2 ) (154)

where the typical range for "n" is l<n<5. The Gaussian part

of Eq (154) provides a smooth cutoff avoiding unphysical

oscillations. The Legendre polynomials are calculated using

the standard recursion relations (Ref 6:424):

(n+l)P n+l(x) = (2n+l)XPn (x)-nP nl(x) (155)

where P1 = 1 and P2 = X.

Kosman and Hinze used a linear relationship between

r and X such that X=I for r=rmax and X=-l for r=rmin

Vidal found this relationship to provide poor convergence

when dealing with vibrational levels all the way to the

dissociation limit and when dealing with anharmonic potentials.

He stated that the reason for the poor convergence in the

case of ahighly anharmonic potential is that a linear inter-

polation tends to optimize only the outer turning points of

the rotationless potential. To avoid this, Vidal chose a

nonlinear interpolation given by:

(r-re )(rma-rmin)
(r max+r min)(r e+r)-2r maxr mi2rer (1 5

This relation assumes X=l, for r=re , and X=0 , for

r=rmax and X=l , for r=rmin . The interpolation becomes

linear for:
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r max + r5mi nr re = 2

This formulation treats the inner and outer turning points

with comparable weight and reduces the number of Legendre

polynomials in Eq (154).

Using these formulas, PLEGEN and DO-loop 270 calculate

a Legendre polynomial F(J,I) with "NPL" terms (i.e., J=l

to NPL) for each of the turning points P(I) on the RKR

potential where I=l to M

The section of FIPA from statement label 180 th'rough

the second line after statement label 780,contains the state-

ments necessary to solve the Schroedinger wave equation (SWE)

for its eigenvalues, EvJ and radial wave functions, .0
vJ 'vJ"

It also calculates the correction to the potential, Ivo(r)

necessary to make the eigenvalues obtained from the SWE con-

sistent with those observed experimentally. The program

returns to statement label 180 until all the "NRPTT" itera-

tions have been completed. On the last iteration (NREP=NRPTT),

lines 123-125 specify that NT3=NTI. The term "NTT" is equal

to the number of BJTT values which are greater than "0".

As noted, the first use of the perturbation technique

to adjust approximate potential energy curves is attributed

to Hinze and Kosman (Ref 23). The technique used in this

program to solve the Schroedinger equation is the Numerov-

Cooley method (Refs 11; 14). The Numerov-Cooley method of
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solving the SWE was used by J. K. Cashion to test the validity

of approximate eigenvalue equations developed by Pekeris for

a rotating Morse oscillator (Ref 11).

The routine presented in this paper solves the SWE

for bound states. Vidal discusses techniques for handling

quasibound states. The techniques for evaluating quasibound

states are not part of the present program but are here

briefly discussed. One approach, Vidal used for quasibound

states involved starting the integration of the SWE at small

internuclear distances and looking for the maximum of the

internal amplitude inside the centrifugal barrier as well as

the phase shift of the partial wave outside the centrifugal

barrier using a Breit-Wigner parametrization (Ref 12). Vidal

also used a second approach in the same work (Ref 43). For

quasibound states, he introduced an artificial barrier at

large internuclear distances permitting the use of the

Numerov-Cooley method. The eigenvalues he found in this manner

were slightly higher than the energy eigenvalues derived

from the maximum of the internal amplitude. Proper choice

of the barrier kept the differences within the standard

errors of the measurement. Using this technique, Vidal stated

the same numerical method can be used for both quasibound and

bound states.

Continuing with the program, as presented in this

paper, it is necessary to transform the energy used in the

SWE to units which are consistent with the units of length
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being used, Bohr radii. Thus far, energy has been expressed

in terms of inverse centimeters, wavenumbers. To convert

wavenumbers to energy units consistent with Bohr radii, it

is necessary to divide by this factor (Ref 11:1873).

fiNA  60.19972628

4 -ca jai i wavenumbers (156)

where a = 0.52197706 and NA = Avogadro's number. The inverse

of this quantity is assigned to the variable ZEIN.

The effective potential energies (given according to

Eq (148)) for the first BJTT value, for the whole range of

the RKR curve, is calculated in DO-loop 340. The energy

reference frame is shifted so that the dissociation energy

[DE] is the zero energy level.

The lines between statement labels 340 and 360,

establish the values of J(J+1) [BJTT(KI)] and the range of

vibrational quantum numbers, NTRMIN through NTRIAL which

will be considered for the experimental energy eigenvalue

V(I) of statement label 340. Loop 660 also starts here.

If it is the last iteration of the IPA routine

(NREP=NRPTT), the range of vibrational quantum numbers

starts at "v+l=l" and extends through LTRIAL(KI) for each

corresponding value of BJTT(KI). This range is specified by

lines 140 and 141.

The value of J(J=l), to be investigated on a cycle

of loop 660, is assigned to the variable AJTT in statement

label 360.
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CALL BETRL(TX) this time calculates all the term

values, Evj (ETRIAL], for all values of "v+l" from 1 to

NTRIAL with J specified by J(J+l) [AJTT]. Bv [BTRIAL] is

also calculated over the same range. The rotational quantum

number J corresponding to J(J+l) is assigned to the

variable LJT in line 142.

The Schroedinger loop which calculates the radial

wave functions [P(J)], Bv [BCALC], and Ev  [ECALC] starts

with line 152. The SWE loc (loop 600) starts by specifying

the "v+l" values will be investigated, MTRMIN through MTRIAL.

These variables were assigned their values in lines 137-141.

Variables MA and MB are initiated to zero prior to entering

the SWE routine.

Integer Function SCHR

The SCHR routine solves the Schroedinger equation by

the Numerov-Cooley method. The routine is called by line 158

of FIPA. Using this method, each of the experimental term

values is adjusted to be consistent with the whole RKR curve.

Hence, all term values which were used to produce the RKR

curve are indirectly used to adjust each eigenvalue, Evji,

solution found by the SCHR routine.

Numerov-Cooley Method for Solving the SWE

The Numerov-Cooley method for solving the SWE is

outlined here. Using Cooley's notation, the SWE may be

expressed as follows:
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P2 (r) [U(R)-E]P(R) (157)

P(n) d n P
p

d Rn

where P(R) is the radial wavefunction and E are the eigen-

values of the SWE. Cooley defines the potential energy U(R):

U(R) = [J(J+)-A2 ]R-!-ZaZbR -+E e(R) (158)

In this paper, the contribution of the A quantum number,

the z-component, due to the electronic angular momentum, is

ignored. The electrostatic Coioumb repulsion energy of the

nuclei, ,E (R), makenuclei, ZaZbR-1  and the electronic ene.gy, el

up the vibrational (v+1/2) term of the E v's as expressed by

Eq (2). The boundary conditions u-ed are:

P(O) = 0, and P(R) bounded (158')

The following definitions are used to convert Eq (157)

to a finite difference equation:

R. h i = 0,1,2...n+l1

P. P(Ri) (159)

U. = U(R i)

By dropping fourth order and higher terms in the series:
Co

E 2h 2k P2k 160)
r Pi+l + i-i k=0 (2k) i

and by using the different equation to replace P.2 , Cooley

obtained the integration formula:
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Pi+l + Pi - 2Pi = h 2 (Ui - E)Pi (161)

The error involved in Eq (161) is approximately - Pi

He then presented a higher order integration formula, developed

by Numerov, which does not involve the calculation of

additional P.'s. The formula is obtained by subtracting1

the product of h2 times the following series:
12

p (2) +p (2) 2h (2k+2)
i+l i-i k= 0 (2k) 1 (162)

from Eq (160). Then dropping sixth and higher order terms

in h gives the differencing scheme used in Vidal's program:

Y i+l + Y i- - 2Yi = h2 (Ui - E)Pi (163)

where:

Y. = P - (h112) P(I = [l-(h2/12) (Ui-E)] P. (164)Y1 =1 (h/2 1P1

The error for this formula is approximate].y h4 p(6)
2401

For all unbound states, E>U(-) , solutions exist for

all E and, according to Cooley, may be approximated by using

Eqs (161) or (163) to integrate outward starting with

boundary values:

P = 0 , P = a small arbitrary number (165)

For bound states, E-U(-) , only discrete eigenvalues,

E , exist. The boundary conditions for solution to Eq (163)

are:
B-36



P(O) = 0 (166)

and for P(R) bounded:

Pn+l = a small arbitrary number (167)

P = Pn+lexp (Rn+I vUnE - Rn v - , ) (167')

The second condition results from the assumption that at

Rn , U(R) is slowly approaching a constant value.

The method of solution involves starting with some

E (i.e., the experimentally obtained term values) and with

the boundary conditions specified by Eq (166) integrate out-

ward to some point RM using Eq (163). Then the wavefunc-

tions P. to P are normalized to P1 m m

out
P. = Pi/p i = 1,2,3,...m (168)

Then the same procedure is followed starting at P n+ and

integrating inward to Pm Again, the Pi values are

normalized, this time, using the Pin value obtained in the
m

inward integration. Hence, pUt = Pmin = 1 At this

point, a correction for E is determined from the difference

in slopes of the two portions of the curve (R<Rm and R>R M).

The inward-outward, E correction cycle is repeated until

the value for E on successive iterations differs by some

established limit, E [EPS]. When this occurs, a satisfactory

eigenvalue E has been obtained.
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The correction formula is expressed as follows:

D(E) = (Pou Pn) / Y [P(R)] dR (169)out in) 0

where the P' terms are derivatives of the wavefunctions

at Rm resulting from the inward and outward integration.

Expressed as a difference equation which is consistent with

Eq (163) D(E) is:
n

D(E) = [(-Ym+ 2Ym-Ym+ )h-2 +(Um-E)P]/ - p2  (170)
-i=l

Convergence difficulties with this approach may be

encountered. Cooley describes the convergence of the tech-

nique and how to recognize what types of difficulties can be

encountered. These will not be covered here.

Problems with convergence will be encountered if a

P(R) is selected so that the magnitude of radial wavefunction

at Rm is "0". Recalling that the procedure calls for normal-

izing the radial wavefunction P(R) at the point Pm ' it is

clear that dividing by a number close to "0" into larger

numbers can introduce significant errors.

Cooley's program used the Numerov method to solve the

SWE. His program was structured so that D(E) must be

decreasing in magnitude from one iteration to the next; then,

the D(E)<E convergence criterion is applied.

The problem of stopping at a radius Rm when P m(R) is

zero, is handled rather nicely from the knowledge that for
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the anharmonic motion of a diatomic molecule, the wavefunc-

tion P(R) reaches a maximum at a radius near the outer por-

tion of the potential. Thus, Cooley started his inward integra-

tion and stopped at the value of Rm such that Pm had stopped

increasing, i.e., it had reached its maximum. This method

finds the 1 rgest P and, hence, keeps the correction

technique from becoming accidentally unstable due to a poor

choice of P This value of R is retained and the outwardm m

integration is then performed. This concludes the discussion

of Cooley's article. His article includes a derivation of

D(E) and further discussion of the convergence of the method.

The discussion of the SCHR routine is now c¢ntinued.

As in previous sections, the notation in Vidal's program will

be placed in brackets following the notation of Cooley when

use of both is desirable.

The routine SCHR starts by initializing the values

H [HI, h 2 [H2], and h2/12 [HV] of difference Eqs (159), (163)

and (164). The value "NN" corresponds to the "M" of input

CARD 16. Line 13 sets Evj [E] equal to the value of ETRIAL(I)

where "I" corresponds to a "V+1" vibrational quantum number.

The "I" value is specified by FIPA, DO-loop 600.

The rotational quantum number J being considered

corresponds to the J(J+l) [AJTT] specified by statement

label 360 of FIPA. The Evj (ETRIAL(I)l was calculated by

CALL BETRL(TX), line 144 of FIPA.
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Next, DO-loop 10 finds the value on the potential

curve which is just greater than EvJ [E] and identifies it

temporarily by the subscript of V(LCRIT). If the inner

potential V(IPP) does not extend above Evj[E], then an error

message is printed indicating the failure of the integration

routine with KERR=l. The loop 16 decreases the starting

subscript of the potential to either V(l) or until

"WCRIT>20.0" is satisfied. It is assumed that this criterion

is sized so thit for the minimum value of *R considered, the

magnitude of the wavefunction P(R) will be sufficiently small

to satisfy the assumed boundary conditions, Eqs (166) and

(167).

This assumption may be checked in the printout.

Values for the inner and outer wavefunctions P(Rmin ) [S(MA)]

and P(R max ) [S(MB)] are printed. In the introductory comments

to his program, Vidal states that S(MA) and S(MB) should
-1I0

typically be of a magnitude of lxl0 , if the RMIN and RMAX

limits are wide enough. This implies that the "WCRIT>20.0"

will produce S(MA) and S(MB) of similar magnitude.

The process is repeated to find the first value

greater than Evj[E] at the outer end of the potential. The

routine then extends the potential to sufficient magnitude of

R so that the value of the outer wavefunction S(MB) will be

'4 sufficiently small. Again, an error message is printed with

"KERR=2" if the outer portion of the potential does not

extend above EvJ[E].
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The values of NL and NL2 are assigned such that V(NLl)

is the second value on the inner portion of the curve less

than Evj[E] and V(NL2) is the first value greater than

Evj[E] (lines 23 and 130). These values will be used as the

limits S(NLI) and S(NL2) between which the number of codes

(i.e., the number of times P(R) [S(R)] becomes zero) asso-

ciated with each E are counted. This count is the determina-

tion of the vibrational quantum number v[KV] associated

with that eigenvalue Evj (lines 120-123, DO-loop 70). These

values are printed out in the program listing.

Following Cooley's method, the inward integration is

started first. The outer numerical value for the wa efunc-

tion Pn+l [S(MB)] is assigned an arbitrary value of lxlO 0- 1

(Eq (117)). The next point Pn [S(MB-l)] is evaluated

according to Eq (167').

The lines between statement labels 36 and 40 perform

the inward integration until P(R) IS(I)] stops increasing.

The largest value of the wavefunction, Pm , is assigned to

the variable PM. The correspondence beween Eq (163) and the

program is as follows:

2

Yi+l + Yi-i - 2Y = h (u i - E) Pi (163)

YA + YC - 2YB = H2*(GI)*S(M+Il) Line 66

Yi = [l - h 2/12 (U. - E)] Pi (164)

YC [l.D0 - HV*GI] (SM) Line 68
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The portion of the wavefunction obtained from the inward
integration is normalized by PMin

If S(I) goes negative on the inward integration, an

error message indicating the failure of the SCHR routing is

printed with "KERR=3" indicating the source of the failure.

The process is repeated starting at the inner portion

of the potential curve and integration continued out to the

radius corresponding to the previously identified PM, the point

at which the wavefunction first reached a maximum for the

inward integration. This wavefunction from S(MA) to PM is

normalized with PM The variable DF corresponds to the
out*

denominator 7ZP2 of Eq (170) (statement label 53). The

variable F corresponds to numerator and the correction to

E vj[E is DE. This DE should not be confused with the DE of

the rest of the program which is the dissociation energy.

The convergence criterion, as outlined by Cooley, is

satisfied by the lines between statement labels 56 and 60.

Restating that criterion, DE [DE=ABS(E new-E old must be

less than some E [EPS] with the stipulation that E is

converging on consecutive iterations. A converging E

requires that DE be getting smaller and smaller. Vidal's

program handles these requirements in the following manner.

TEST is assigned a value of "-1". If the SCHR routine

converges on every iteration, i.e., DE gets smaller on every

iteration, TEST is assigned a positive value. Then line 112

is never applied. On the other hand, if DE increases, the
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E [EPS] criterion is never applied because TEST will remain

negative. Hence, DE must get smaller which results in TEST

being assigned a positive value before the convergence

criterion is checked. This prevents the routine from

accidentally satisfying the convergence criterion without true

convergence being obtained. This still does not prevent the

program from jumping from a solution for one vibrational

quantum number v to an eigenvalue associated with a

different v . This error can be detected in the printout

by observing that a proper ordering of v[KV] is not maintained.

DO-loop 70 counts the number of times the wavefunc-

tion P(R) [S(J)] becomes "0". This number, as noted,

corresponds to the vibrational quantum number v for eigen-

value E v[E] .

The last computation is the normalization of the wave-

function P(R) [S(J)] so that

MB
S (J)*S(J)dH = 1 (171)

J=MA

The remainder of the SCHR routine is concerned with the option

of printing the solution of the routine. This option is con-

trolled by the "NS" input of CARD 15.

FIPA (Continued)

At this point, control is returned to FIPA. If the

SCHR routine has been successful, a wavefunction ranging from
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S(MA) to S(MB) is returned along with a new eigenvalue Evj

[ECALC]. In this case, "SCHR=0" and the programs proceed

to statement label 420.

When "SCHR=I", this indicates that the SCHR routine

was converging towards the limit c [DE], but that the limit

was not achieved in the number of iterations permitted,

MAXITT, specified by input CARD 15. In this case, the program

proceeds to statement label 400, and LLK is incremented. The

variable "LLK" is used to report the numbeK of times the con-

vergence criterion e is not satisfied. This value is

printed by the command in statement label 620.

If "SCHR=2" is returned from the routine SCHR, the

routine has failed to converge for a specific Evj * The

reason for the failure is specified by the value "KERR"

specified in SCHR (lines 21, 37, or 69) and printed out by

the command in statement label 83 of SCHR.

If SCHR fails, the program proceeds to statement label

300 and KLK is incremented. If the SCHR routine fails "KLIM"

times (where KLIM is specified as "2" in line 147), the pro-

gram is halted by CALL EXIT (line 163).

If SCHR has been successful at finding the wavefunction

S(J) for a given eigenvalue ECALC, then control proceeds to

label 420 where the limits of the Schroedinger loop are, if

necessary, adjusted to be consistent with MA and MB. The

expectation values of "(" are calculated for a specific
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of v and J by lines 169 through 173. Simpson's rule is

used to perform the required integration:

B= < vj 1F2 1 ')Vj) (172)

where vJ is the numerical wavefunction S(MA) to S(MB)

returned from SCHR.

The eigenvalue ECALC is converted to the proper

units and the reference changed so the bottom of the potential

well is zero by adding the dissociation energy DE to the

potential (line 157).

The experimentally determined eigenvalue, ETRIAL(I),

(calculated from the Dunham coefficients by the routine PETRL),

is also returned to the reference frame where the bottom of the

potential well is zero (line 175). The difference[DIFF]

between the experimental eigenvalue (ETRIAL) and the eigen-

value (ECALC) is then calculated. The variable DIFF is the

-,Evj of Eq (109).

Line 177 directs the program to advance to statement

label 540, if the program is in the last iteration of the IPA

routine as specified by NRPTT. This skips several calculations

necessary to obtain the AV of Eq (113). These are not

necessary because the last values calculated by the program

will be printed and the routines necessary to calculate

Eq (113) will be skipped.

If the program is not on the last iteration of the

IPA routine, it calculates (Eq (114)) the expectation values
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[FPL(k)] of the f(r)'s [FX(K,J)I of Eq (113) where the f(r)'s

are expressed in terms of Legendre polynomials as expressed in

Eqs (154), (155), and (155"). The polynomials for f(r)

were calculated in DO-loop 270 FIPA (lines 180-186).

The reason fo: the statistical weight EWG in line 189

has not been determined at this time. It might be used to

reflect the different uncertainties in the determination of

.Evj for different positions on the potential curve.

Next I shall discuss the solving of Eq (115) for the

coefficients c. i[COEFF(K)] . The equation is manipulated

and constants calculated in the normal least-squares fashion

according to Eqs (12-16).

The least-squares fit is performed according to the

general formula:

B = (XTX)-I XT  (13)

T
where X corresponds to:

NPL

BL(K) = DIFF*FPL(K) (172)

k=l

T
as defined by DO-loop 520. And (X X) in notation of the

computer program is:

NPL NPL

AL(K,J) = (

k=1 j=l

The errors associated with the calculations are

tabulated in several ways. The sum of the errors, V Evj
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[DIFF] are calculated for each value of AJTT. This sum of

differences expressed in the notation of the computer pro-

gram is: MTRIAL

GVDIF = F DIFF (174)

v = MTRMIN(KI)

The average difference is calculated in line (219) as the

variable GVDA. The root mcan square error, GVDF2, is

calculated in lines 199 and 217 according to the formula:

GVDF2= Z DIFF (175)APLTST

where APLTST is as defined in line 216.

The difference DIFB between B as calculated byv

Eq (172), and B as calculated by Eq (91) is obtained in linev

202. This quantity is multiplied by 1000 and 1000*DIFB is

the value printed in the output of the program.

The variable "NL" of lines 197 and 133 is a count of

the total number of "v,J" combinations for which calculations

are performed for one iteration of the FIPA. DO-loops 640

and 650 adjust the potential V(I) to reflect a new J(J+l)

value for the next solution of the Schroedinger wave equation.

The average variance and the standard error of the

fit used to obtain the "NPL" coefficients of the Legendre

polynomials (Eqs (113) and (115)) for the "NL" combinations

of "v,J" are calculated in lines 228 and 229.

On the first iteration, line 230 transfers the program

to statement label 700 where the coefficients of the Legendre
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polynomials of Eq (115) are calculated. The routine MATINV

called by line 242 inverts the matrix AL(K,J) which then

corresponds to the (X TX) of Eq (13) and returns the inverted

value in the same matrix. The MATINV routine, using the

inverted AL(K,J) matrix and BL(K) calculates the coefficients

of the Legendre polynomials of Eq (115), and returns the

coefficients in the BL(K) array. DO-loop 720 then assigns

the BL(K) coefficients to the array COEFF(K). DO-loops

740 and 760, then use the coefficients ci[BL(k)] and the

expectation value FX(K,I) to calculate the correction potential

IV(r) of Eq (113). Then in the same line, a new corrected

potential is obtained (Eq (110)).

The minimum of the potential curve is found (VMIN)

and a new Y00 [YDH(l,l)] Dunham coefficient is calculated

(line 253).

At this point, program control returns to statement

label 253 for the "NREP"th iteration of the inverse perturba-

tion routine.

On the second and following iterations, the program

continues on from line 230. The standard error of Evj for

all combinations of "v,J" is assigned to GVT. Using the

coefficients COEFF(K) and the "error" ERROR(K) of the previous

cycle (see DO-loop 720, DO-loop 680 prints the constants

[DBAA] of the Legendre polynomials used to calculate AV

the standard error of that constant [T (line 236), and the

ratio of the error to the constant, i.e., T/DBAA.
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After the last iteration, iteration number "NRPTT",

line 241 transfers the program out of the loop which per-

forms the IPA calculations. DO-loops 820 and 840 calculate

the correlation coefficients for the Legendre polynomials

(Eq (16)).

The routine POTTAB (called from line 264 of FIPA)

then takes the potential energy curve generated by the IPA

routine and produces the final set of turning points for the

eigenvalues EvJ of the routine and a second potential arranged

in order of increasing "r" from P(I) minimum to P(I) maximum.

POTTAB starts by finding the minimum potential V(I)

and assigns that value of "I" to IMIN. Next, starting with

the inner portion of ..ne adjusted IPA potential, from V(1)

to V(IMIN), CALL PLLYNN finds the inner turning radii (AINN(I)

for each of the eigenvalues Evj [EEE(M)] which were defined

in line 203 of FIPA. PLLYNN obtains the turning points by

doing a Lagrangian interpolation to the IPA potential. The

process is repeated from V(IMIN) to V(M) for each EEE(I)

to obtain the turning points on the outer portion of the IPA

potential. The vibrational quantum numbers, v[IA], the

energy eigenvalues [EEEtI)I, the inner and outer turning

points [AINN(I) and AOUT(I)], and the corresponding B
v

[BBB(I)] values are printed.

POTTAB then using the new IPA potential, P(I) and

V(I), where I=I,M, and the original RKR curve XI(I) and

Yi(I) where I-l,N, determines an "IPA" potential energy for
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each RKR turning point, XI(I), by interpolation of the IPA

curve. The difference in RKR and IPA energies for that radius

is calculated.

Next POTTAB estimates the standard error of the

potential for each value of "r" [XI(I)]. This standard

error is based upon Eq (110):

V(r) = V(r) - 1V0 (r) (110)

The validity of the calculation used, is based upon the

assumption that the routine has converged within some

acceptable error limits to some V(r). Any error in V(r)

is then associated with calculation of IV(r) . The

correction AV to the energy potential has been obtained

using the Legendre polynomials of Eq (154). From the errors

of the coefficients "c." used to calculate the correction1

potential, the error of the correction can be estimated.

DO-loop 99 calculates the estimated standard error of the

potential and prints it, the potential, the turning point, the

difference between the RKR and IPA potential -nd the standard

error of the potential.

Control of the program is returned from POTTAB to

FIPA. FIPA prints out a summary of the sum of the differences

for each value of J(J+l) calculated on each IPA iteration.

It also prints out the average errors for all values of

J(J+l) for each iteration. The program last of all prints
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out the original Dunham coefficients with the new YO0

which has been calculated to set the minimum of the potential

energy curve to zero.

This completes the description of the RKR-IPA program

for one of set data. Control is then passed back to MAIN.

If new data is provided, the RKR-IPA calculations are

repeated for the new data.

To avoid any loss of information, Vida's original

comments on input and output are included in this appendix

with the revised program.

i
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PAGE nt=C F LMPQRS TVX CF1/Q1:1;. I~

-~1. PROGRAH IA114

2 C AMjS: GC.4.JL1I'JP

3 c JAIN PRi),RA'; EUIA SYSlFIA
4 1.

5 1 TIITS PR')GRA IIS A INTFICAT13'J (if THlL RV14 ANI' 1PA PR)GRAIIS bJHERF

fb C TtiE RaKP PJTENT!AL IS JSEn AS AN I JITI Al PJTLHII'IL P4 Ti1E 101.
7 PkICEDUIRE.
S 1
7 RIPA CO'ESIRJCTS A PiFINT 141 CIJI'VF FLIP AlJ LLLCT..PIIC STATF 'If A

Ii C POTATI914LESS U! %TJ4IC H ILLCJLE -- I.E., PAIRS Ur IP14FR AND _JU~TER

11 c CLASSICAL TJRLoI IG PJP,.TS AND1 AS .'i:IArLC FENfGV LEVELS -- FROM
11C DUNHA'l LXPA ISVT4 CIEFFXIlLtJTS ni JS1dLG THE RYl,4ERI-L[JV-RFES

13 C 1IE THOU. 11 HLIN PLRF')R15S ANJ F 4Ti'AP0L T IN 1I THlL 11ItR ANC JUTE R

14 * TuRNIJ rJG ATS. FINALLY, RIPA PLR1FORq5. AN fINVLQTFD PERTURA1:Jt.
15 C ApPRnACJ d IIERL THE ',EASJRED TLRI' WAIJIS ARE FITTED TJ THE GJANIUN

16 C "ECIIA1ICAL ENER.Y EIrENVALULS Of A R1)ATIfiG viR1IATfR .3Y MEANS (if

17 C A LEAST S2UARLS FIT JSPIJG A V&RIATIUN',L. METHODU.

19 C THE I'NPJT CARD DECK -if THE PRit1iRA' kIPA MUST HE AS FILL)W .

2.) C
21 C THlE FIRST CARD JAS ITEST INd CJLUJ' 1. IF ITEST - 0, T#HE

24, c rR9UW~A'l .4111 STJP. IF 11151 = 1, THE PRO'GPAN4 WItL START A
23C rLIJ1PLLTE CALCULATI 3N SE2QUENCE. AND THE DATA DECK 1iUST BE AS

24 C F.JLLOdS.
25 C

2o c TE IX r TWJ) CARDS IAVE THE OUTPUT PAGF TITLE IN CEILOPINS 1
27 C TmR~ji~ulf 72.
28 C
29 c TtiE PILT CARD HAS 11IHS,T14L VALOLS flF T4L MASSES LIE THE TWJ ATj"S

3dC AnD PijE I DFi If IC AT 10 ClUE t l NIE LLIC TRitlIC STATE UdDERP S PlOY

31 C Its 17004A F I ., D16* 9, 3?X 4 * Ii V0AL IIES If Till MASL S SH.JULD 9E
5z C FxPEEESSED) INl ATIMIC tli.ETS. 11"S 'SE IlL 1 IF Till CAR4ON SCALE
33 C IS USED AND IIUST iE 2 IF T'IL :JXYGEIJ SCALE TS USED. TIIFRF IS AN

C4 c PT I lIAL dAYW JuSrtr, THIS 'IASI; (4vD. INJSTEAD )f LISTIqG THE

35 C MIASSES JF THlE T.Jn 4TI IS SEPANATLL), FiIT PLJUCEI) MASS iF THF.
36 C (AJIECULE (IN ATJMfIC 11411S) 'lAY BE E14TLPLD INj THE FIRST MASS FIELD
37 C THE SEC)ND 1ASS FIELD MiST THIN REI LFT EALA'K. THE CHAlCE 'iF

36 C CARBnt4 JR OXYGEI1 SCALE 'eLIST, JF CIURkSL. STILL RE ENTERED.
39 C

4jc TliE NEXT CARD PEADS NDUJJ.(J*l(I).Iz1,N:-I.) IP4 FORMAT 1115. THE
-41 L VDIJII VALUES nFl 41: N1, *12, 43 . .. .... SPECIFY 111F NUmt3EK if DUNHAM1

42 C CrrEFFICIE4lIS Y(1,1), Y(1,2). Y(I,!).
43 C THE t4EXT CARDS CONTAIN THE DWIU 111 Cf)EFiCIE*Ts Y(IK) WHI1CH ARF
44 C READ 14 G)IN(, FRO'i Ll TO 11IVir: rd~.=.1.(Y(T,2).I.1.42),
45 C (Y(1,3),Iul.N3D. .. .. .... IN FJP'IAT (4D15.9).
46 C

47 C THE NJEXT CARD CJtITAINS, THE DTSSUCIATIJN ENJERGY DE A111 THlE ELEC-

45 C ERINJIC TER"q TL INl EJ)WIAT 2015.1t A41) EXPRESSED IN NECIPRJCAL
49 C CEJTINIETERS. CL IS l1iE E'iEWkGl SEPARAT T)IN RET4dFEI THE P:JTCNTIAI

54 C 'IININU4 nF THL EIICTR)1IIC STATE 11 IDEQ STUDY A140 ITS DISOCIATIO'4

51 C LIMIT. FE IS THlE E4ER6Y SEPARAT134 01TWEEPI TUE pfTnTIAL MINIM4A
52 c nF THlL LC ERLIIIC STATE UWIDLR STUDY AN*) nf THE .R'JttDO FLFCYOn4IC

df53 c STATE 1F THE ?IULECILE.IF THE Ll.LCTlS'0'IC %TATE 1'IDER STIODY I$
54 C ITSELF FIlE 4.RiIINO STATE, THIS CARJ -,JST flE BLANK.
55 C
56 C liTE 1IET CARD CJPJTAIN4S ME'l, ,4D) WINC - I RMAT 2f^.#.?. RIPA CAL-
57 C CULATES I'IfJLi AID0 )UTLS TURNdINGC PJTITS 1')1 V 8 -21.75 AlL' Thi

5b c rACII VALIIL 3r v FRIII ZEROI TO VEIN Itf STEPS 3f VIP4C. It IS MJT
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60 c VW;1.ViJC 1IUrT AMT EX.F[IP 39%'
61 C
62 C TI#F !JkXT CARPl IS III. KLLIN ACIJI IInTEGRAL PRINT SWITCH A!4n
63 C r.jITA INS I('pr4 lHrjATii rju 1 IT IS LISLE' Til GF 1I(RAT I rG THE
64 C INITIAL RKM PIIT[?It 11. IF 131"1621. THL VALUES If THE KELIr. ACTION
65 C ItITF.GRALS ARE PRI4TLo T)R ALL 91 THE ITLRATIO14% ASS)CIATFD WITH

66 C TACII JF THE VAIES 1); V FAR WHIICH PAIRS n1 TUNII1 PlINT4S ARE
67 C CALCULATED. IF fjprC:Oq, THESE VALUES ARE NJT P RTJTU.
68 C
69 C THE NEXT CARD C)NTAlNS RLIO41, PL112, AND NEXT IN liO- AT 2TA.2,IZ.

?1C RL191 ANW) RLIT]? ARE THF IPINLP A1.n 'OUTR~ LIM'ITS, RESPECTIVELY,
71 C TPj 4III1COH EXTEN.SIIONS OF TNL. kYDILR'i-VtL T!J-REES TURNTIdG 1 31,11s

72 C. WILL IE ESTIIIATLD. IN A EASIITIPI T3 IiE qfl.SCRIFED AEL3W. THL

73 C IriPiT QUAITITY IFXT IS THE ItJ'IAER OrF EXTQA LXTE'1;n'4O PAr'
71. C PUT ITS rl F)LOJ. 4ELT 1AY NO)T EXCEED 25, AND MAY BE ZEP). IF
75 C 'Ij iXTRA DATA w1ITS ARE TO nE ADDED.
76 C
77 L TfI fIE.KT *jET CARDS Ef.C'E CINTAIN RIM1 ANDI PEI) IN FORM1AT
73 C 2011Y.9. TIIE R1(1) ANn PEiI ) ARE R AND PITENiTlIkL EtJER!,Y PAIRS

79 L I-1111CH 41AY FL USED1 Ti ',IJIDLE THE LXEEPISIn 'iInT THF PAD'J~kr,-
8 c kLI iI-REES TUIRNING P 'PITS, AS 0L4SCRIqED RLiW. THE UN4ITS OF
51 c THIE R1(I) A.jD PEI1(1) SHJULD nE A*,oSTRJmS AND RECIrR)CAL
52 C CL'TTIETERS, RESPECTIVELY. 40'TF .. . .If NEXT IS ZERO. ThEFSE
as C CARDS HJST OE '111ITTED F~111 THE 10e!PUT DECK.
St. C
85 C TiIF fJEXT CARD CJPlIT41S THE rITIG PARAmETERS KFIT(I),ImI,2 AND
84 C I 1IT(I).Tx:1.4 TI F)RMLkT 61%. IF TIE CAPE' IS FLAIK T1HE PR' PAM
81, C TAKES TIE 0ErAULT VALJFS 2. 4, P', 6, ,1j1S. FI)R EXTRAP.ILAIIPHG THE
as c IN4JL P T .JRR1 if, P)T-4TS KFT (1) C"I1N5 TTS INS IDE A14 EXP-ThI'!C TI iN
S9 c [If TOIL r1R'1 FXPCA( )4()fX...) kRE 'jPEM WH1ICH ARE DETER'ITNED
93 c nY A LEAST S'qUARFS FIT JF THF KFfr(1 )+2 I:JPERMIST PKR TURNJIG
01 C PA1IJTS. FIR FATRAPILAT'iNG ThtE O-UTER T'JQ:IrtiG P)TIJTS K"IT (2) COn,-

92 C STA;TS ArE UvID 14 A I0'4CTlJ)1J Of THE F(IRM Sjm(V~)*R**(-rIhIT(K))
7; WtIER V)IIT SPECIFIES THE I'JvFF'SL POIWFRS nF THE INTERN1UCLFAR 015-

9(. C A4CE 0 11 THE Lr j(, RAN,E 11TEPACTIUNq FUNjCTIOnt. THE C:JNSTAIHTS ARE
? - DELP'll'IED HAY A LEAST F,4'IA4LS FIT Of THE TrITMV4 iHIERMNOST RYR

1116 TuP,41,JG P1OINTS.
91,
95 TiTF NEXT DATA CARD IS THE PUNCH C)NJTPJL CAPRD 411D Cn4TAINS TF'NRKR

C9 AfND IPNIPA III T)IAT '112. IT 1P*IPKR=1. AN 0UTPIIT DATA DECK (QPR)
1 4, Is PII:JC-tFD. IF Ir'141PA=1. AN nflTUI DATA DECK (TP'A) IS PIPIICHED.

c.' C H TNT HT CARD HAS ITEST T*'I CnLU9PJI I. IT LTTm-4. THE VARI AT IONAL
CA PH)CEMOLRE IS SKIPPED 4tID THE: PRJGRAM UFTUIINS TI TItE -1LGIN.VI'IG TO

1 .'. c Vt I OI THE NFEXT PR 13L E RY k E AI IJ ITE 0T SEF A JOV E.

1,16 c T F L IEl'T=1 I TIIE F :ILL'VJTNG A IiDII I AL CnNTRrOL C ARDS AOE 4F E 4ED T I
C.1 PIN.1 T:IF I JVLEE) PFRT' JP JA I IJN A'P Rf)AC;4.

1.19 C T I:T 14EXT CARP CONITAINS CO)NTRnL VAIARLFS TIR SCIIP AS FOI IWS--
110 C Oil,.ISIPSII2.4AXIT, .Ahl) EPS 1IN FJPIIAT 414,DI).J.
I1 Ij I i Ol z 1 DATA FRI" TArII ITLPATI1)* IS PRIpNTED.

112 C If 11 c I 11 ITERATIP)IS ARI :,,nT 'RIN4TFD.

113 c IT 'IS 2I THE WAVE tI rIT:3'Is APE &QIvrED At EVERY IPSIO POINTS.
114 C If jS a .1 THT WAVE rIJACTITONS ARE iny PPINITFT,.

115, C Fr'S IS IHIE CflIVEPT:ICE CRITLIIIII. 11,10H1 WAVTNU9I~EPS IS A GJUD
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SPIAIN PAGE 3 "A CC L "PaRlSt) IR1/21:? VXCF r

11L P44XAIT IS THE -AAI I0 .i;If 11V TIES .FiIR JILL ATIE1llT TO SATISFY

II T IiTE C')ifV E kGL OIL.F C L!I I E RI JQ . TELJ 1S A W.111D STAITIPIb VALIIL.

123 C THE 1LX I CAIF'5" CU11AI r' ('41'4.0 fAX,4,NIPIT,NPL.H1CH,LSiO
W?1 C ANID ('iTR'I'lI(I ) *ITkIAL(I).HIJTTC I) .I 11)
122 C It. FO.c'&T ?I1:l556I.jF.)3I.3F.)
123 c RutHI 440 WIAX Atli TJIE JJER Aif ();'IPR Lull1IS UVLR W!HICH T.IE
12(o C PuT EI IV&L C JR iiE I % T I nL CO.JSI1DLRO 1, THlL IP A FORJC ED JRi.
125 c m I TOL '4Ifit-HP If VPuNTS T J l US~ED INl TifE INTERPOLATE U JELL
12b MA X I' "I 1- -4 1S 4 1
127 C N fk P TT D EI P ILS T I F N J'E 1- fR)r I T FRA I I J4 F (i? THEL IV E RT ED PELR I U of1A-
123 C TIi PI PPR )ACII. -.. 4ELWE I HL LAS.T ITIE RAT I)IN CALCULATES THlE knfATI t4-
129 C LESS Pirt'ITIAL FIRl THL DFFIISITIjm rnE THE (.V Alill 13V.

131 c PJPL is THE iktEIk Jf THE ( JPi(FCT11J FU?,CTIJ-4 CIr T'4L PITENTIAL
131 C WilC~i IS bE SCIITlE3 isV A SUM Of LE',EIJDIIF P:JLTP IjOIALS.
132 c "ITR'1IN APID ITPT4L AKE TtIE PlNIM1U4 AN.D MAXIM'JPI VALuF IFl v*1 (OR

133 C WHICH4 TRIAL. VALJES ARE GF'IEeATFD (llSINr, THlE DUNIIA!I COEFFICIENTS)
134 c FJR CALCUJLATING TIIE SCHRIEDINCOER EGIIATIJN. THE PRCJGRA~I STJPS
135 C AUT)!lATICALLY AT THE LAST B111, 4 1) STATE.
136 c AjTT ARE THE VALUES OFC JCJ*1) FJR WHILH THE POTENTIAL IS CALCII-
137 C LATED.
138 C FURl FICHal Tiff PIC(,RA'4 PJNCHLS A DECK OF ALL TIIE GV AND iSV VALJF S
139 C CALCIULATED 114 TIE LAST ITERATIfll..
14o C FOR LS~m' THE PRO..RAM PRINJTS THE FIRST ANtD LAST IIERATIUjN OF THE

141 C TIjVERTED PFllTiR3ATIJN hPPR(IACIf. F)P 1SW=1 ALL ITERATII1NS ARE
142 C PftIOJTED.
143 C
144. C THIS Cr1 

1PLfIES TIIE INPtIr DATA DEC, FJIR U"E EILCTRUH!C STATE.
145 C TtIERE ARE NAW TinJOrTumI.S. If 110 OTHLR PUTEHIIAL CjPVFS ARE TO

146 C FIE CALCJLATIrt. A JLANK CARD MUST 3E AT THEL ENr, iF THlE D ATA DECK,
147 C I.E., ITEST=0. IF A SEC9-ID TiIPUT DATA DECK IS TO FDLLIJ VFlR

145 C A!43TIfLO? ELECTF!<IJI1C STATL, TIIE AUIJWE 'iSTRUCTIJNS SIJULD AL
149 C REPEATED, I.F., IrEST=1.
153 C
151 C TIIE FILLO-I CIM'IENTS APPLY TO TIE PkIJTLO OUTPUT JF R1PA.
152 C

- ~ 153 C THE FIRST LISTTIG STAkTS JITII TIIE TITLE AND THE IDENsTIFiCATIOn
154 C NUMBIER iF TIlT ELIC tldl.,oic STATE. TIE VALJES iF T11E AT 111IC klASSES
155 c (UR THE VALLUE IF THE REDIUCED MIASS OIF THE ulILFCULE) ARE ALSO
156 C PRINTED AID TIlE CIIICE jr CARUrlI1 JR Y1XY074 SCALE IS NITI.D. THE
157 C I.ISIl1G~ ALSO CflITAIJS T0l RESULTS OF THL kKI( CIALCULAtI3!IS. FOR
158 C EACH VALUE Of V 14 STEPS Or VI'IC jP jj VrIN, THE POIF'TIAL AND
159 L INERTIAL ETIERfjILS, THL INOIF.R AND JUTEN TIIRN114G POINTS. AND) THE
1621 C, FINAL VALUES JIF TIE KLrIN ACTIOI IITFU.RALS A4RL LISTED. lI of
161 c PUTEFITIAL E'IEkGY IS; THlE E)XPANSTUIN FUR GI/ + Y(J,3) FVAL'JAIED AT
162 C V. THE INIERTIAL FEUEIGY IS TIlE FXPkNSIJN FIP liV LVALUATFb AT V.
163 C OIJTH ARE EXPRLSSFD IN RECIPknCAL CEI.TIMLYERS. THE IWJ TIIRICIN~s
164 C PO01115 APE EXI'PLSSFD IN ANG5STIrtIS. THIS LIST14G wILL ALSO
185 C TICLIIDf. THE tljTER'IEDIATL VALUES OF THE IULEII I"TEIDRALS IF
166 C IUPFG=I.
167 1.
168 C Toil SEC)ND LI!TIPIZ CONTAIIS TIlE P4A*AETLRS THAT PERTAIN I) THE
169 C, F IT Wi THE IWJ.ER A'ID '1111ER EXTEIJSIU!4 5 (IF THE P.KR POTENTIAL.
170 C FOR THE rUH'.CT lniS 1:401IATLI ABlIVF THE LIcTIf4G GIVES THF CJN$T#.NTS
171 C Afin T14EIR STAIIDAR)o ERRORS A-4D TIIE TfOTM STAIARD ERI . IT SHjWS

172 c THE FIT F0l Tiff FY.TL'ISIJPB OF THE IHLERe AlIto XIlTER IIIRNING( POINTS.
173 C FINA-Ly. IF rATIrA EXTLJSIJ'I4 DATA 3flINTS ARF lltED, THE DIFFFNIE$CLS
17. C nET.FL'i T-iPSE A4D TOhE FIT FIJ14CT19J4 ARE 61VE4 FIR EACH IF THE
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-175 c InPJT RIMZ.
176 c FUR TIIR I-IRE, THE IJ~tl A1 C-11F F IC IF 7S ARL LIS TED WIT I THE CA LCU-
1?? C LATED VhLUF Y'(0,0).

179 C Tiff FJI. L'4( PRY Ir J1T LXCEPT FOR ThiE DJJHA- COEFrI CIE',TS OJES
180 C NUT APPEAR If LTF STm.l.
181 C
182 C TUiE F)LLI.J4I( L 1ST POESLPITS TIIE PkRA4LTLPS IF THE TI4VEQI ED PER-
183 C TIIREATrI)N APr:LAC 1.
1114 L.
185 c TlE PN'1,RAM T11171 ;E!aAtES A F'RI'ITllul OF THE F IRST AND LAST TIE-
186 C RATI114 'If TliE IliVIRTED PFRTjRlIATIJII APPROJACH4 &ND A PR1Nt-OJT Of

187 C THEF I;4rLR'IEOII.TL ITLRiATl'4S If LS 4  1. FUR EVERY VALUE 'If Sift
188S c 1T wElIERAIES A TA3LL .JIIICH Cr1JTAt,4S FIR ALL VALUES OF V SPF-
1ag c CIFIED 3Y MII' AID nrulIeIL, THE 111ANTIJI IJECHAPIIC41. ENERGy LIrEN-
190 C VALJE, THL 'I[ASJRLD TERI1 VALIIL, T-lE DIFFERENCE, THE CALCIILATED
191 C IAV VALOL. TilE DIF FERE4CL TO TiuE '.AS.JRED VALIIE AND THE VALIuES

192 L OF T'IE JAVF ruNCTIlS FIR THlE I!NLRt'3$T AND flUTERv4sr 14I43ERS
193 C OF TI4E ARftAY S. 9IA AND 18 ARE PETERIIN4ED dY THE sr-t*:)EDINGER
1194 C RUOLTIdjE SUCHI THAT SC"A) A.'D S(161U) ARF TYPICALLY 1.D-1.i1 IF THE
195 c LI-4ITS RMIPl AID IlI1AX ARE JADE WIDE EN:Jk.

11bC FO)R THF LAST ITERATI')' Tt4E TABLE :OiTAI~jS VIBRATIONAL LEVELS
197 C ABIVE THlE lIPPIR D4ShED LI!JE AlID Is:LOWd Till 1ILPJ DAS41ED LI JE 4HIICH
193 C WIRE '01' SPLCIIFIF.L OY T4E MArtP FIELD AIIJVL, HUT WdICH ARE IJJJ&'1E-

199 C Ly SPEC [FlED IIT TIE RA'uIC;F II lJTF4hljtLFAR DISTA14CES bIIIICH HAD TJ
201C HIE ADJ'ISTFI) 3:1 THL [IVERED PLRTII-(IATIO:i APPRJACH.

2111 C THE 'lPkShrCFj VALU:.S ARE THOISE MIFINED AIY THE DUIIIHAPI CIEFFICIENTS.
202 c EVEkY TABLE IbS CL)SLD 41TH THE AVERAGE DFVIATII)N AND THEL STANDARD
2013 C EkR)R 1,4 CHit*(-t).
204 C
2.15 C AFTER EVERY lTEIRArIJN THlE PROGRAM PRINTS THlL COIFFiciENI7S OF t4E

2116 C L I EA R C:)InlI NATII J F LEiENCJRL POLYNJTALS :)R IAIN ED I N TH4 IN.-
207 c VIRTED PERTJ~oATI)P4 APPkROACi. IT ALSJ LISTS THE STA:JDARJ ERRI)R
2058 C AIDTlIl REC ATIVE STANDARD EgRIP. If THE LATR QUAN7ITY IS LARG~ER
209 C OR CIIIPARAHLE T I1 AFTEpt THfE FIRST ITERATI'll, NPL C&N RIL LOwJUFD
21J C 114 THE N4EXT RUN OF T14E PPIRA*I. TiE LAST SET JF C 3E1 FIC tEITS IS
211 C FULLOJEI) (DY TiIE C )RRESP)PDIN4G CJ)RIELAT~IJJ MATRIX.
212 C
213 C THlE NEXT LTSTINS GIVES THE INTERPILATED IINER AND OJTEP TdURNING
214 C P0IjTS AND TIlL JV VALUES FOR TNL CALCULATLD QUANITUMi 11LCAUICAL
215 C F14ERGY EIGr4V.%LJES OF Tiff PJTATI.I&hESS IOLECIILE A, IDTAIFIED AFTER
216 C THIE LAST ITEPATI111,.
217 C
218 C Tiff FPJAL LIStINJG C04TAIPJS A TABIJLATI)H4 OF THE ENTIRF P:UTENTTIkL
219 C WELL. TIESE DATA ARE (1) THE TuIRNIPIG PO1INTS A.40i EliFIGIES FORM THE
220 C LAST IPA ITEHATIOd., (21 THlE DIFFEiEtACE Til THE INITIAL RKR PJTEFI-

221 C TIAL ASID (3) THlE CIPRESPOAPFINt., STANDARD FRJR O)F THE PnTENT#IAL.
222 C EIN ADDITfIfl. It CJItAi-4s THIE 20 lINER 4:10 99 ]UTER EXTENSIoN
223 C PJI'4TS FR)P-l TNlE EXIHAPiILATI'JI METMD0 DFSCNID1ED ABOVE. THE 26

.9224 C I1NNER F.KTENSTJIIj P)II.TS ARE EQJALLY SPACED IN Rt BETWEE4 RIIMI AND
225 C TilE I4T4EQRIOST RKR TUR;41IG PjIlIT, %ND THE 99 OlUTLR ExTENSIJN
226 C P'jIITS ARE EGIIALLY SPhCLD 104 Rt LIE IEEtj Fill 31IIERMJST R111 rieRNING
227 C P014q AID OVIZ1. 4LL UNlITS ARL ANd STRIMS AND HECIPRJCAL CEHTI-

-226 C "ETERS.
229 C
2 30 C TIIE PHIlT flit CLOSES jItli A RLC')w IE14DED) SET OF INTEGUATIiN LVNITS
231 c P*1ll AID H'iAX AS JITAILP If TpHE IPA PRLICLOJRL. fIIET 5NJIJLD 9E
232 C uS!ED IN T-iE F.)LLlldIJG6 RJlJS. IT is EJLLnJFD IT A SUI4IAIV 'IF THE
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233 C ST-IDARD LpRr)RS ;Iv ALL ITERIZ471S AND~ A TAFILF 'If THE D11I4HAM CFfF-
234 C FICIEIT irs.TH A CJRP.FCTLD VALUE -IF v,.) SjCP! THAT ITIF P)TLNIIAL
235 C MI1uIJ4 DEF114LS ZLPJ LNLR5Y.

-, 235
?37 C T

Is Cla)IPLETF! Till PRINTED .JTPUJT FoR nylE ELFCTRINIC S~o.YL. IF
253 C DATA rFIR liila TIIA-l 1PL STATE ARE INCIJDLD 141 1ML INPUT fEC.K, THE
Z3? C AEI0VE 'IJTPIIT IS REPEATE:P.
243) C
241 C TiIE F ILL'34I u C).%HEl:JTS APPLY Tr) T4E PJIJCNLD OUTPUT )F RILR.
242 c
243 C If IP JRCR~1 hriD/.II IP-JIPA=1 , A DFLK Is I'uniEo jmlCii IS TAILIRED

244 C Tij SlEri AS 'iPJT TJ ITHEk PP.J,1RAIS. %LL U'111& ARE ATY4IC mASS
245 C uIJTS (CARRJN "'CALF)., Ad6ST.-IS IR RPRCA C IE ps

246 C FOR TPP1FlKR=1 JPIE JQITAItIS Tht kKH-P1ITEITIAL.

247 C FUR IPNIPAZI 'PIE J:;TAIfJ$ THEL IPA-c'r)TL4hEAL.
243 C
249 C THE FIPST CARD Cfl'qTA~I*S THE REDUCED MIASS UF THE KJILECIILL
253) c (AND LXPRESSED 111 ATrl'IIC MASS uN'ITS, CARR3N SCALE) AND ICiflE IN
251 C F'JR'AT S6x,Dl6.,16X,A4.

252 C THE 41EXT CAR!D READS NDU4,W(I(1).1=1,1u) 110 lfl44AT 11T5. THE NDIVJ
253 C VALUES )F .11: 111, 42, N3,......,PECIFY TWlL 11UI1RER Of DUIHA-4

*254 C CUEFFICIENTS Y(1)1, Y(I.2), Y(I,) . ... (AS EXPLAINED AII)VE)
255 C
250 TluE NEXT CARD C)IJTAINJS DE AtND TdEf TN FORMAT ?D15.8. DIE IS THE
251 C EI4EI<GY SEPARAT I])N ;IETJEEN TIIF HUTT Irr;IF THE ROTATIn'JLESS
25B C PJTEIFTIAL WELL )F THE ELECTROn'IC STI' U1NDER STUDY AND ITS

259 C DISS!)CIATInN LIII1T. FOE IS Tilt E'IEPcY SEPARATIJN FIET.4LN Ti~F

?6j C ROTTI'l JF TIT R)TATIJN4LESS ilO(TENTIAL JELL Of1 THE NEUTRAL JR IJNIC
261 c FLECTRJ41C STATE JN:OER STJDY AND 1HE V8., J"0 LLVEL If THE
262 C (R)JfJD ELECTRJIIC STATE '9f THE IIEJTRAL 1OLECULF. NUTE. ... IF

j263 C ELECTI'41C STATE .iiDER STJflY IS ITSLLF THE GR:UU'ED STATE OFE THE
264 C NEUTRAL '4JLECULE, TIIE'4 TOLU-T(0,O).
265 C
266 C TiiE IjEXT CARD C)NITA14S '4 111 FJR'iA 13, JHIC~i IS TliE NUbiUEF 3F R

267 C AfiD P)TENTIAL E!JEI(GY PAIRS TO F2JLLOlw.
268 C
269 C THE NEXT 4 CARlDS C)NT411 THE R AND PITENIAL ENLRUY PATRS WITH
27,) C TWI PAIRS PER CAPD Ill F)RIAT 2D116.9,4X,"D16.9. THL DATA 014 THESE
271 C CARDS IS T14AT TADJLATED IN THE FIRST TWJ CILUMNS (iF THE THIRD
272 C OUTPUT LISTING(.
273 C
274 C T141S C3IMPLE TES THE PuqClhED 'JIITPUT FAR ONJE ELECTRONI C STATE. IF
275 C DATA FOR lORE THAI iRE STATE AOIL INCLUDED 1%d THE INPUT DECII. THE
276 C ABIVE lJTp'rIE S REPEATFD.

277 2. DI"IFSI10 K1TN(2) ZTNIS(2)OaFl I(,') L IT(4) .IuEAD( Se)
275 3. CrI4'RiIl(5 P1C5 ET

279 4. ~ uIY/~(O1)II1'
2 B.D 5. C 01M )it/ F C / f( I1 .3(1 tifWE , RA A . 0 U , KF I TCZ.U tiT( 4 1
281 6. C0MM~fI/EKIEV(?21 ),UV(921),4

282 7. DATA K IM S/ 4H C a12 , 4g1t6/1
283 a . toA TA IJFT/ 2, 4/
284 9. DATA LJIIT 0, . i 8, 10/

285 in. DATA INS, 1.0.~ 3.9976&2165,/
286 C RKR UISES TIL F1LL341146 rACT)PS IOR CJNVERTINAG RETWEEN PASS SCALES

P287 C AIJD nIFFERENIT PHYSICAL U'NITS.
288 c ZIms(Z) IN 15.9Q71464/16, WHICII IS T141E *4ASS iF flEYGI% J4d THE
289 C CAkRM J SCALE DIVIDED fil TOIE NIAS% IF JX1GEN ON4 THE UXYGEN SCALE.

23C FACIIU S)RT(H-l3ARtAV'ItADR)S NUMBERI(16fPIe'C))*11I**b
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PPC(i AM M AIP 74/14 -*PT=L 'C'.C= Al !-/ p/-n,-D): Fl,'..

~' FTh5q08.

I P.RCGQAP tPAI

2C R K;Im I s I v~ I~ '01C .9-2
I ~CIPENSC' ZIIS(2).#~t(?.L'( 1MEAD43')I

6CC0P'CP./FCJFD(20v(Ij 914(0

A CHARACTE&I KIIVZ(2).4
a CATA (1'~I~12)'=2.z9

1 0 CATA IKFT/ 2* 4/
11 CATA LCUTf C 9 69 EvIC/i
12 CATA ZII4S/ 1.0. O.9'--4t-21C5if
13 C AKR USES THE FCLCWI:G FACTJFP VEF C''NVEQT:AG RFTkf.E
14 C PASS SCALES Af.0 CIFFEPff.T PHYCICAL U.V'S. Zl!5(!)
1I C 15 594514(-4/161p 6iICH IS THF -A:Z F i XYGff Cf% TF( CA Hi:% Cf
16 C CI'dICED PY THE )'AS5" CF CxYGEf. VC. THE C)yy-E. 'CALE.
17 C FACr.UP0=SGOPUH-EAF.AVCGADFCS f.UMHI 1/(4PIC)).1o..5
1, FAC&UM4.1C" 454
IS C ........... EAC IN~ ItKPLT CAIA
20 10C PEAG 1C99,TIET
21 IF(ITEST.EG.C) STOP
22 FEAO 1109IHEAO
23 A EAD 111 9 11P~Z IA S 1 PiAS s IC" DE

25 C .......... PUT r(CUCED M'ASS INTC ZMU
26 ZPL:2I'hSI
21 1 F(ZPAS2 GT .; 7 PL= I AS I PAS 2#(ZPA IZMAS2)

2- F AC=FACf,Llo/-- ;;T ( PU)

30 CALL YDHF11(3)
31 HE = CH(192)
32 R(EF AC/SCWT (HE)
33 DAEAD 112*CE9 E

-I34 C ........... CALCULATE Yh

31 PECD 113vloFlN*VPIC
3> .' EAD 1079ICI-FG

3' READ 113qRLP1.rLM29tEXT

40 C..........tA EXTRA EXTENSION~ DATA IF %ECCSA:Y
41 IF (lNET.LE.2!) GC TC ;0
42 PPIN' 10!
43 S, CP
44 20~ IF ( KE NYLT. I GO T C INK

4 t CO 30 I119NEVT
tw 6 30 READ 1o49R1(:19PEI(1)

41 40 PEAO 1169,KF: (1,:1,2,9KUTI:=1.4)

52 CC CC 1=194

54 60 CON~TINUE
%do 55 AEC 1G99IF'.-KA91FPR1FA
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PPOGI.AM MAPf. 74/74 OPT=0,.CUP.0Z A/ S/ '4/-09-9'. F- .. '-

56 C ...... F-Ikd CLI THE 1IPLT DATA
57 FRI&T 114,!tiCAC
5.- PRIhT 11511C0DE

5QC to.... F'IN I IPH P A! __Ec AtD TH-El U1.7
60 IF (ZMAL2.LE .0.d GC IC 7,
61 PRINT 1169K I PS(I I PS) 9?1A I ?MA 2
62 CO 7C PO
63 76 F.PINT l17vk:'S4;:1 SsZ1A'1
64 iC PRINT 1 ' 90i. I-(
65 FRIKT 10 . kL 0' 1 L1 -9VF I%TV I '.C 9 VPFov PP.A K 9:;A
66 C ...... F.-II.T EXT, A f)TCA.9IC;. OArA IF IJF fArY
67 IF(NEXT.L 1.1 I GO TC -u

6.3 FRIPK 131

10 1) CALL kH(VF.#V.%C,1CFI-G*FAC)
71 CALL YCHP1I(V
72 FRIN 11 4,In E A
73 C ...... E (X 7RA F CLA TL. Fr E.%D P 11T ',GF PCT F T A L F L'C I t.
7, CALL EXTEKO(FL~LMRLF*2)
75 p=2o"*l2G
76 1 F (I PKR K P. f. . II GO0 C 9 5
77 C PUNCH 102,II-S.ZMAS1,9P4AS2,ZNU,:COOE
Ir C CALL VDNP11 ( IFFt(xK?

79C FUhCM#1129CEvTE
AO C PUNCH 11991'
81 C PUNCH 1259(EV(1)U()I1'
82 ~ 5 FRIN7 121
83 CALL FIPAt/PtLCE)

A4 CALL VOHP11(Z)
P5 IF (IPKIPAK.I) 6C IC lu

66 C PUNCH lO2,!!PoSZ1A'A1,ZMAS2,?MUItCODE
A7 CALL YOHPI(IP,,IPA)

a. C FUNCH 1129COE,
BQC PUNCH 119,1P

490 C PUNCH 12O(ECVII9uV(:)9IItM,)
91 Go T(' la

92 10? FOPMA' (I4,3Ib.'.1eXqA4)
93 163 EORPAT(31PI0TCC PAP.T EXTRA EXTE.'1CP. DATA rFc'.-,)

441I4 FORMAT (216.5)
5 1C5 FORPAT(//b6i CE %Cit.71.XprH TE = 9C11,.71)

9 8 *0 IPNIPA 0.11/)
9Q 107 FORMOAI THE FOLLCh:P.G DATA WE 'F !P.CLUCD TI'E LFAST- :OLA.E-

100 *FIT THAT CETEkNPINED TI-C CCECF"C(7,T3 CF THE )jT'.-'/V
101 'SICK FUP.CT:Ck TC THE PKL4 TUP:%Z?.G PO!'.T .. /
102 oI0X96R#9I5WFCTEtT:AL EIEPOY*/
103 IOA FOR0PAT(4X91FCI6.9s7x9D16.Q/)
104 10~9 FOPOPAT (212)
105 110 FCR"'ATI .A4)
106 111 FOPAT(I4,2Ol(.9o!2wsA41
107 112 FCRPAT(2D1t..)
IC-. 113 FOP0A7(?i-.2,121
109 114 FORPAT(2X91'-A412xoltAi)
110 11' FIRPATi//@ 7IiE CCD1 %L004FP CC THIS STATE TS 0 vA)
11 116 iCRPAT/ITHE As EE CF THE tur AT'1',#'/ lA'C (Pk 9*f.4** A F '

113 111 FCR1'AT(//@ Tt-E F.OLCEO PPA CF THE 76 ATR',O0A (0PE ',4

21I 4 IS '10('
Wi11 111 FOOPA'I1C:,

11t 119 F (,AP A' ( ; I

11*i 12 1 F CR 0A T (' IL.PP CF !?.VEFTETJ PEr'UPIBAT '6 AFF' CCH 'I

1'I (P.C

F B-58



SUN-iCUT1J.( RKF 7, / 4 CP1:C,lCL.Cr A/ ~I/M-l-1 F'.r.

FINS G/C*fG-~POZ/F:E*S .08.F'ECUE -li '- L F -

I SUFAUT!&E FKR(VFZN.JI?.Ct1CPFG*FACP
c YXI( PPCCEDLPE

3 OIPEP.SION.

* COLBLE Po1CI:ICf4 AGhUS(39-'),XGAU (3s')

5 CCIPC/Y0/Y0H(10)1--)(O)oU4

C . IKT(GFAr:C. CCt.STA.T(A;0M~k:77F.' ?13
C THE XGOLS AFL THE AIS!CCISIAZ A'.0 AGAL' AiJ Ti-f IWF:GH *.r r4r-

10 C FCR A CAL'-ItA. Cf O('vF&IS khrrf NKe APE
11 C ',6, 41R - Cf:PCN0.PEG CK THE 0EGdEE CF 'LCCE CF i-E

12 C ITEFATICtK.
13 DATA GL/.1 5?7I3 1 .. 3 L5 2,''t. 1'0
14 *1 297400,
15

20 #22A6-~
21 *-;.OCu.0.CCC/
22 CATA AGAUSIC.0010b'9 CCO641 't~I32'2'
23 * 2 7C G
2 4 * 6.111190 t1722 68 7C * .IeC 3F.C 7P 6c.2 40 1.t E. 2E C 7,- 774 1 1 'na,
25 + C .1568 53322,3t!14 00 0 .2 3!5(. 67 ?1- 6 W)10 c 'C 72 ' 1 V:r'r

30 *c.ccJv..c0/
31 CA7A MZ1Cs-lo61l
32 CATA !Z/1',6*4/
33 C -. CALCULATE 7E4P('HE Vj) A%D U(THE GVI FC-4 fACl' !LFPN:' t'PT
34 P=loFiN/VZINC:.5:0
35 pl1p2
36 IF(P.L(.'0O) GC TC ILC
37

3 f VIC=1*I./FLOAT( I V IC I
3'- P=%fI9'/VIp.C * .

-4 'c FlRINT 291,VIl.C
'01 100 T EPP (I) =C.2 5 1)+
402 t~t)=POLYI.(TEPP(1).I )
'03 CO 113 1=2#w
'04 7MP=FLOA Tfl-2).VIKC'O .5DC

'06 110 L(I1)=CLTPK(TlP.1)
'07 STEP=.9DO
41' PRXINY 2')4
49 C CCP4MENCE FINDOING TIA.klt.G PCP IS f)Y IiTEGrATIC. Af C
50 c :TERATE TO A BUILT 16 L!PIT CF FQEC:'1C%.

51 SVIR=0.0
52 VTR=C .00t)
53 SElR=PCLVN(VTFt,1)
54 IF (ABS(SEVP).LT.l.70-h) GC '0 I!C

%1 55i )TR=-'r0(ll)/YDH(2*11

A,
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SUBPcui:.E FeP 74 /74 CPT=C .OCUU= A/ 'I~fgO F t

56 ETA=PCLYN(VT-,1)
57 12C F fAHSfETA1.LT.1.OC-f) II' "' 13'

59 SVTA=VTR
60%,TzXN
61 SEYP:ETP
62 ERPL!(l~1
63 GC I'C 12.)

-64 INO VII~f=VTA-O. .

-'67 FEG:z .CC
6' GEGtL.OUJ

'10 GOC

72 140 H S : PII N EM F U -jP It)S' E P
73 IF(LT.GY.3) CC TO Ito
74 PQ=147(LT)

15 KM:900-2
76 5:(i$5-VM!&)/FLCAT(MdC-l
77 CC 160 Jzl0PO
I LV(41=VMIN*FLCA-(J-1I.A

71- E Ut diPOL)K(1 I, )9
do If (IGD.E0.j) HRitd)=PCLY'.(UV(JI,-)
1 C[%G(l )=L(D -EV(.J)

83 160 EV(.J)BI(J)tUj(J)
.S4=U1..C.vPC~ *UV(OGI

GSLOI EUCI) 0 400*EV(FMO-ll * vm?
86 CO 170 J=29K*.2

87 FSL~l=FSUO # 4.tri.Uv(j) * 2.DZ.UV(J4!)
8't 170 6SLP = GSUPO * .. 00.E'Y(d) * 2.DC-FV(J#1P
8'. FEG2 :A.FSLM/3.DJ
90 GE62=A.GSUM/3.CC
01 IF (LT.GT.1) CC 7C ;50

92 GO ?C ;60

93 1 t0 IZCOOILT-1)/3

n7 XGfJ)=(S-VP'IPK)*XGALS(IZDflJ) *YIP.

10. 1F ( EP SH.LE .( .) GC T C 274)
101 L0 200 KzI.CAC
102 2C0 CENO(K) =PCLfl. (TE MF( I) ) -PCL YN (itG K),I

103 !F (IG0.NE.0) Go TC 220

104 CC 210 Jzl*NCAZ
105 210 EI(J1=POL'rKdLbJ)v2,

106 220 FSUPI=0.0OO
10?7 GSLP:0.000
10- CO 240O J=1 0GAL

10, F ( DE N0 J ) . L . Gl *C n7 0

* 112 F'AP=V UM#XccJ)
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ll240 6~ SLP=G5Lfr.YG(J1

It6 F C? SV-S fLO

- Ii I 1AA HA'b 1E I C AOJUSTLO D . ST ATEW' N T' %

11' fo pj PCpE p CC.IpVyf QGf t.CE WtHC?. PU.\ ON 
1

'
7

Ih! I.Ae"If

320 250 IF (CfEG21FEr-).LE.t.0-1) 1=

121 if: ((CTGC.~.. GOrl

121 IF i4iS(GEG2/GCG2).GT.C.93 TGOZI

-124 2CO L7ZL
1
*1

125 FE61=FEG2

126 GE61=61G2
- 12? IF (IF0.EQ.S~) FEG = FG * FFt.2

12 A If (IG.E.2 = GEG * GfG2

129 If GoF.N: .t..I0'.) TC !' 27:

131 C IF 114TERPEOIAIE EVhLL)ATICP, OF KLEIN. AC1'f 1kTEGPAL-

132 C ARE TC BE1 curFUT THC6. #I~fE CLY Tt'E FEG 4?.0 Gro

133 IF I:CPFG.NF.0) PA~f.T 2'5vFCGfGEG

114 IF WI.Lf.2C) GO TC 14u
135 PIh 257
136 RETIURN
137 210 F~ftG*FAC
138 fGf/A

141 C 011lE (UT TU'E TUPt.! 4G PFOf.TS At.0 *TH

t42 C CGFR[-CZCDIsG XLEIP. ACT YC- 27t1EGRALS

143 TEiPPI I 9F I) .
144 FUAINI 9.E"UIU( .1 NA ,'I( ) Af24.F
1IS 260 CONTINLE

146 C ........... END CF I&TEGAT!0N APD IMrATXC. L(Cr
147 RETU4eN

14*-NC~REET $,AS MEEf AJLST 0 Tr Vfr.Cz ,F.

ISO 2'Z4 FCRP4ATI FCTIKIIAL Gft.EfRA'ED BY cK'P '~A'F1C~~W

151 *pTIL.0fIfrA,~x'Lf ACTICW'D ' '

152 *,lEitRYO it3XfGT1X9 ~2 $F0 'S6y QW,16vFMI!

153 21j5 FOR PA tbX f(C6 'C1 %s GCGz
154 2'fi f RA 1XsF). f1.1 02Qo ,% ' ! n

155 2 S'7 F13CP A T ( LI REACM PAXP*lwUm VALUE CF 20--qxQIrr~'C.z-
156 *TIC NOT~Q LIKELY TO EUCCUED. 6)

15? ENC

1 FUNCTICK FCLV'At)oh)
2 C sL~lrcUr:fX t c6 rK' :1'Syrm
3 C 53LWvC rZ- R~l' rF PCLY'.,M1At Fu'.C-'1F 'F 'VPt

4 c FCLI K=LP FCR 1=1 To IV(IJ OF yr.IW~.

crychP tSD1Y12c .13 ).I1 0)
6 POLYf.=0.

10 CC 1II I111

11 FOLY%= PCLYK *Yf1*N).Z

12 10 Q S=.~
13 RETUI.N
14 c
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1 SUSPOUTINPE [XTftJD(PLM19 L",3
2 C SLRROUTI'Y FCR RKF SYSTEM'

3 C PCUTIF.E FCR FINDING IfNNEOPOST 29 POINTS AlkC CUTFRC9"C 3'

4 C OF POTEKTIML FUNCTICN BY EXTPAPOLATIO%. -$-S aCLTIkF AL-1

5 C REOROEPS 7HE POINTS OEFINT*.G THE PMTE-T IAL FUr CTICP, :'4 ASCrfrt'.
6 C PAGNITIUDE OF R (THE INTFPfNUCLfAQ DIS'At.CE).

I COPPCN/GL/X(Q2P3 .Z(828h1L
E COP0ON/PW~/P1(25),PEI(25,NUT

q ~COP4CN~FC/F(ll) ,R(11),uERAAePBoNIP.,%"UT,1rUtt(a)
10 COPPCNEXX0(921 )*'Ct921 )vK

11 COP'0N/PX/PMIN(4 .O ),RMAX(40C )U(400.)
12 C') 10 I1111
13 10 0(13 =0.-
14 C.............SFECIFIY LIMITS CF FIT FUO.CTIet,
15 PAA=PMIN(%) - 1.0-A
16 RUB=PPAX(N) 41.0-P
I? C............. FIP CF THE INNER TUP?4ING POINYS

la L=NI'. * 2
jz CC 2C I =19L

21 20 Z(T)= ALOGIO(U(N-I11)
22 IF (NEXT.EC.':3 GO TC 30
23 CO 25 I= I.NEXT
24 IF (FI(13.CF.PAA) GC TO 2'
25 L=L.1
26 W(L)=R1( 1
27 Z(L)= ALOG1C(PEI(I))

2825 CONTINUE

29 3c PPINT 92,RAA*NIN
30 PRINT 93
31 CALL GLGIl)
32 C..............FIT CF THE OUTFP TUP'.ING PCIN.'S

33 L=KC(JT #4
34 CC 4 , 1= 1.L

36 4c Z(I) =UN11
37 lF (?.EXT.EO.,^3 GO TC 60

3zCO 5' I =I1r.EXT
39 IF (Pl(l).Lf.RRR) GC TC 50
40 L=L.1
41 3(13:91(11
42 7(L) Pfl(I3
43 5c CONTINUE
44 6c PRINT 0 4,08fig?.tUT
45 PRINT 95

4 0; CALL GLSO(2)
47 C ........... F1*.AL FIT CF TWFE P'TEP.IAL
48 F6 = (PMIN('.3- D) 3/

50 XMC=PL~1 .FL7AY (1-13 *FA.
51 31(1) :XPC
52 710 YO(13) FUNC(O 9XMC3
53 DO PC I= IN
54 J=N-I41
5520!
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56 OK PNJ
57 1Fc~ YO(K) =U(J)
5A C 0 5 1=19%
59 K= N*1.?1
60 310(K)= PMAXI!)
61 65 YOCK)= UII)
62 K=N '21
63 X()P

66 9'I= 1 ,99
67 K:?. 1.21

66 ~ XMC = RMAX(N) OFLOAT(X).E6
6n WO(K) =XPRO

TO 90 YO(K):FUN.C(0,XAO)
71 FETU

0
Pq

72 92 FORPAT(t FIT OF IK ,RMOST T-UP-'.!-G FC~re EjzArrLA-:% t()
73 *U.ITH P LESS THAN **IP 1pl 5 .79 1 UIZ., qf/qA rC~ TH;C F-

?6 ~ 4 FCRPAT( F IT OF CUTE f T LRF 1;G PC 1.3F - FKI I~tA a '(r
77 *6t7H R GREATER 'HAN '91PP15.7ol t:r[.G fl,*A FLtC-1C'. CF -H
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AD-A127 315 NUMER IAL M ETHOE ,OR THE PREPARATION 0F P0TENTIAL /
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UN SSIFES MAR 83 AFI ONE/PH/H M 2 /5G 200 N
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11111 .0 .0

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDAROS-1963-A



I SUBROUiTINE GLSQOEK)
2 C GEN4ERAL LEAST SGUAPES FVU'T~hE TO FIT A SET CF t. CAVA i%,'!'S
3 C KK=1: FIT REP TUPt4IhG F")TPATS 13Y LFGCF.DPE FCLYPP:U4t<
4 C KK=2: FIT INP:CR TURN114G P'1.?S Ry ixp~p.rt.,!AL FLc'!'...

1!c KK=3: FIT CF CUTER TUvaJY'rk PcrNrs Py cup ci ccite*'-41

4 01 PENSION 7 (1 )

it C ........INIXTIALIZATION
12 10 DO 20 J19"W
is RR(J1O.000
14 on 2c K=1,M

15 20 AfJK)=o.0o

16 C .. v . . . . AL U A IN #F 'gmC wA?0P1
17 DO 30 1=19%

18 OUPP7:FUF.C(KK~v(I))
I es D0 30 J=1,!'

20 HR(3)= A5(jl*7(Z)*F(j)
21 n0 30 K=190
22 30 A(JK)=A(.J.K)*F(J)*F(E)
23 CALL PATINM(ETERW.P91901
24 CO 40 1=19P
25 ' C=I
26 IF (KK.GT.1) tNC:=F[T(1I # 1
27 40 BNC) ot,

29C ......... CALCULT ION OF F.T VD, STAtNDA00 cr-prs
2'9~1 'T 0.0

30 00 5^ IzlqN
31 XCRT =X(I)
32 DUPJ4Y=FUPJC(KKvXCRY)
33 OEL=Z(f) - DUPrY
34 PP.JNT 1049XCPV97(I)*DuMV-VOrL
35 se SIG=,1G.DEL*OEL
36 SIGr4A=SQFT(S1IFLCATtN-"))
37 c................. 'TERAT!CN TE-'
3-; IF tt#.LE.:!) GC YC 61

40 IF ((SIGPA.G7.1D-3).AJC.(tVtJP.LT.0.7)) CG' 'C fr
41 000-
42 I.F1-.AKK) ='
43 Go rc lo
44 C ......... PR.INT OUT CF COlNSTANTS AND E-t--
45 Go rpIN? I
46 DO' ?c 1110

4s ~ DROP=~(I;~a()
49 70 FAJPN' 10', 1 .AH( I) T lo~lO
50 PPZNT 13Z9, No J1608
51 1 .1 FOPWAT(f Ct.fSTANTS F F!'9)
52 IC2 Ft)'!*(1t M99~~129 frc on 0q-:,r %OLT !"r
53 .0 MS EPQ0 =091-.)
54 103 FCRMAT(I*NLUPEI OF C!,TPIE *: to:3,'0 "A';VAQO Er 1918014-'/1

5% 1C4 F3RFAT (1PO21*19302C*91

SUBACUTIIKC 66.5 114114 OPT=09.CUkOz A/ T/ */-O,-?1S F'l !.1*.4
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k011 SU69tUTI;.E MATlt.V10IETEF~PtoN9" PVt
2 C 10AT*IX IlNVRSICN WIT14 ACCClMPA'.YVI!G SCLU'!IrC, CVLr A ou'
3 C IFV.Ea.t: &.C SCAFCH FCF P!VCT#IPV*NF*I: SE~C*M Fr; c'V':T

5 DfPE~.SI0N IPAVC(6).If.OEKP((4),!tiDCXNC(64)

7C *.see-....lITIALIZATIOlV
DEYERN=1.0

10 20 IPIVOT(.J) =C
11 ao 550 Z110
12 IF (IPV.NE.1) GO '.C 40

13 ICLPI
14 GO TO 26C
i5 C --a............... o..SEAPC4 FC; PIV 'T cr.r, 4 rI. 217 Cii 105 J z 1.th

I* IF (IPIVOT(J).EQ.1) GO 'C 105

20. C CLPO :K It
27 c ORSY1EYICMARX:AJ9J.l.KJ)

U22 1 0 100 TINU f

23 IF 4OT(JCTIK.E.1 GO VTOI 101

24 IF (A9SlAMAX.CMGC%((J l O! 26010

26 0.C 200
27 SAP X A(sI!JL
3u*2PR1U0LP A4ZCIML'

2900C *CKLhu) h

3025 1I(!CL 1,L) = IPIC 1CM #I
;20 IVOTXM AIOILW

32 IFDXC =t.T~O 60 33

33 ~C ........ INECAG RCL PCTFC PUT PVT LMFN h IG'.
44 34 330 (ICW.EQ.CLM M 1.0 O26

50 00 350 L z lot

5135 A(ICOLLZ AlCL~L/IV%

-1. 52 IF (N.LC.CI GO To 2fG
43 C0 370 L :1M

31 20 H(ICL~vL)l ZCLSWAP Q

4A C ow...*v..RDtlCE NCPIVCT RB PVT S ~ t%

49 30 ACCL"9CLMB=-1.

C ~ ~ ~ ~ 5 00 -5 L**=1 *9V~ ~** .*~



56 3r0 DC V40 L1=190
51 YF (L1IFO.1CLP) GC 10 5EC

_L . *(L191CLwl
5 ,; *iLlsICLN) =0.0

68 DO %450 Lz Is
61 450 ACL19L) = AL19L)-S(lCLf*9LJ.*
62 IF £F.Lf .01 60O 0 5%.
63 00 500 Lzie"

-64 500 13(L19LI 84L~o.1 - R4ICL&'9.L)'
65 5rG CONTINUC

66 :F 1,PY.FQol) PFvup.
Ci c C,%Uut!T

70 194OW = 1!.DEXF(Ll

?IICLP z POExICL)
72 :F (:RCu.CQ.ICLMI GG IC ii1Z
73 00 705 K =Iv
7. SliAPZ *4(lAOt.
75 A(KeIROhi) = A(K91CL#')
76 7cs *(KwLCLM) =SWA*P
11 ?to CONTIJ~iE
1- PETI;Rh
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I FUhCYIEPU FUi.CIKK.XWI

2 C ROUT1INE OrF'iEks 714E LECE';0P P(.LYL.0w!4LS F14 irlT'Z"G Trf -"-
3 C PUTENIIAL AhO CCNYAA1t THE TU.j fwVTa*P0LA'2C.1, FWC*!-t  K4t'*:f
4 c THE ItNhERPOST AN.D GUTEPPCST TUAf.[(.6 Pivg#.T, Pf SPlCT.VrLV.
5 C0P~Fh/FC/F1l)U(1l,AEftAARtik!?4,NOUTLC' JT(t)

I JFtfXK.LT.RAA).CRe(KK.E0.1)) GC To ra0
h IF (fXX.GT.vtM8)..OR.(KK*E0.21 G!' T- SO

9 C ..*........FUkCTION FOR RKR TURNING PCIN'S
10 %POLY = 6
it FUNCz 0.0
1? tKM = tPCLY #1112
13 N.MI ztJM *1
1t KU = * NMI -NPnLY

16 IF (XX*LE.X:(J)l GO TO 3C1?i2 CO20TIU

21 00 50 K =LoLLL

23 00 4C N z L9LLL
24 ~ IF (K*Ea.Ml GO YC 4
25 T~~ERM = TERM*I. X(M)(~K)W()

26 4O CONTINUE
27 TER" = YZ(K)*TERN

2psc FUNC= FUf.C # TEPP
29 RETURN
30 C e...*....FUP.CTIO. FOR ItAEP TURNIN~G PO1r;TS
31 6C k = (RE-XX)/kE
32 F(1f = 1.0
33 FU04C z F(U) *R(1)
34 00 ?C I = : l
35 FPl) = FEZ-i POx
36 TO FUNC z FUNvC # FEJI*I)

-37 If fKX.EO.I) RETURN
38 FUNC z 10.**FUNC

F3q RETURN
to c ..o..oo.FUNCTION FOP OUTER TURNING POIN~TS

t2 FUNC = 0.0
43 00 90 1 = 1,#hCUT
tt Fl) =X*'LCUTfI)
45 90 FUNC % FUINC *F(I)eB(NI'k.I)
46 RETURNr. 6 END
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ISU5ROUTZILE VONI(tNSu)
2 C PRIP.T*PU4C A.0 PEAO SURACUTJ-VE .F CU'.-'h" CCFFFIC~r!
3 C (tKSU.LC.L) PqIhT* IhSu:2:PPIF.T ANDO PUNCH, K!W:2*1 iAfl a4.c
4 C PRlNTv lSu.GE.31:FEAO

6 IF (tSuLT*21 GO '0 40
7 C ..... ..... I&T:ALIZArIlt.

P Oe0 10 ION = oRC

ic OC IZ IDA =1923

12 C oo.................RLAO IkTPUCTION
13 READ 1OI1,N0UP.9(JM(!)9I=I9NOU~f

P14 C.' 2C 10?%:1,t.0L1

16 IF INGRO.EC*31 GO TC 30
I7 20 PEAD IO2#(YDH(I.X~h),I:1,lGBD)
ip 30 CGNT!t.UE
19 IF (t.SU.GT.21 PETUAi.
20 C ..... P IrINSTRUCTION~S
21 40 PRINT 103
22 00 60 10h = 1920
23 t.HX =0
24 00 E0 IT = 1,10
25 IF CJJMCIYb.GEl.ftd i.MX IT
26 50 CONTINUE

27 IF (NMX.LO.t 60 TC T0
2060 PRINT 14(0(D.I,~,ix
2: IF (NSU.NC.L1) GO 10 qO

30 C ... o... *oPUNCH INSTPUCTICN'
31 C PUNCH 10,0I*UNv(..5fIJ9f:1,tUVV)
32 C 00 ec int4 =1,NDuk
33 C .650 J4(101
34 C 60 PU&CH 102*(YDH(!%IDN)d1 1,'6B0)
35 so CONTINUE
3f PETURN
37 101 FORMAT (1415)

31;102 FORMAT (4028.9)
3-,103 FORMAT CO THEt DUNHAM C0CFF1CIE.'% O/S

40 104 FORMAT f1E.1P8O16.l8)
41 END
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SURPOUTP.f F!PA('IiAU*OI I
2 C RA.UTINE Rfuw.I'% :NVEFTED PrcrUeAr:0f. APF rAel.
3 DIN4V31SIof GVSU(1avFL(4)PT'MIN1 ),UT 1IYAI I J(1

5 *Fk(11,24C3),KA(I1,i, ),KHl(11,9f)
6 COP'M1 /EX1X*(921)9VI!(21),
? COIPC4 /A2/V(24C3$ I.

p.COI4ChA3i^ C2403 )
9 CO'1PChi /A4/ 12403)

12 C0vKMIYO/YO(2L *I ItJA'(r23 1
13 CO~MC// MI AL 6964 8L f4 I
14 CO)'OIhPL/?PL(64),AA1,AA29AA3,''L

23 !%TEA SCOA R

125 c AMFCt7q BYTEFCOIGC4TNS
26c FAA zIC AVORERCP COSATMS CTEEFIC.I.A(

20 C ..... NEO = 11TRL RAISLE FOc~ 0 FIG"P~'
21 c C CRO $GOT. (iHS.1P!0,OAI.P-U9SC (er'CGCo

26 /IE =o.i 1.11AC

21 AC ACB(I.I :05E54.

35 100 A l.JTT tdT' * 1T~l.PPIC~LS

35~~~2 :F (NT.G.OI .R~f*T2C) "="0 r

31 IF (K(1)G-)R1P.GT.R3s1t) ',-L=3 c
52 IF ((Xl LTEMAX.O.(RY.GE.7.) OPI =6A r~~~

34 00 10 1=19AC
-o 55 P4,5) =0 FLAc-bR ~

41fCK(q)
42 PiTTB-09

43~~ O'Y 10 D z11



56 140 V(JI z FtJhC(c.Pfj))

- ~ 58 DJTTCtdTlI Zc.
59 nC lsooI =! 1,FYl
60 &TRIAL = 99
61 AJTT = JTTCK11
62 C .*..*..... SEARCM FCIP CENTI-.'FUGSL 8AJ'E,
6.3 TX =0.
64 ASX= 1.0.70
65 00 160 1=19"

I.-66 V(I=)V * AHE*(RFf/P(I)I**2oAJT7
67 *F fSX.LT.ACX) G.' TC VrC
6,- !F CSX.LC.T9) 60 'C 160

70 ROUT491) =PMI

160 YMAKl)=SX

73 CALL 8C1OL(TXI
74 LTNZAL(KZ):NRrAL
is IF C9TRIAL(KZ).GT.1jTftIAL1 NTP!AL(KI) %4 R!AL
76 KTAIAL = MTRIAL(KI)
77 19' ERACKI) ETRIZAL(tiTPIALt

iC ..... SARCH FOR Itd.ERPCST AP.D 4ZUTE MOST TUR'.!9.'G PCI*.-L

al 00 240 K.I = 19NTT
42 P.3AA = H4
83 P.380 = 0

J 84 ASK 1.0*7C
85 00 200 1 =1I*'
q6iS VI) # A8C.CRFJP(1))&*2*HJTT(U()
A I IF I(SX.LE.Ef,(KI )).At.D . (A-;X.GE.E.A(KI))) '.3AA

IF (4SX.GE.EPACKI I).Af.D.(ASX.LE.EA(KI)) !OR
aq IF f%388.GT.C)GO TO 220

90 200 ASK SX
)91 220 IF fN3AA.LE.fs3A) t13A =1.3AA

92 IF (N3HB.G[.1.381 t13R = K86
93 240 CONTINdUE

94 RMII P(143A)
95 AMAAM P(t'30)
96 00 260 KI= vl

*97 AJTT 2 BJTTEKI)
98 %TRIAL =LTAIAL( K!)
99 TX =V(K,381 o A#1F*(PPE/PPAA)**?.AJTT

105 IF(RHAA.G.RCUT(KI)l TX = MAX(KI)
101 SX =V(N3A) # ABEC * (RRC/Af411).o2*AJTT
102 IF CSX.LT.TXj TX :SX
103 CALL SCIALCIK)
104 LYPIALEKI) zNTPZAL
105 IF Cf4TRIALoLT.f"Tt1IAL(KI)) LTrAZLIKII = u!ALISCI
106 260 CON4TINUE
107 N-CP :1
lop PRINT 306-IIoM~RoPC4IP~R~o"ARFI

10'* ';MIN = RPMN -?:#-A
110 PHAX = PIAX.7IPA

112 AAl ?IRA*( tP4AARPI!13.PE-Z.*R9AA.MI II(r6AA-SLFPT)
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SUMPOUT11M F':PA 74/7 c5.1*Fou, A

31P ~OC 210 J ltt

11- 216 FNIJql) = PL(J)

121 03=
122 2b0 1SW=LSM

123 IF ((hiREP.EQ.13.OR.(.REr.r0.f;RPTr)) :Su~l
124 hT hil
125 IF (%PEP.EQ.t-PPT7l r;', 7.0 32C
126 C .*......... INITIAL17AIC.
127 Of, 300 1 = lo.PL
12-i BLC(11 0.0
12-o 00 300 J1,N'-L
130 3C0 AL(IJ)= Cos
131 KT3 = TT
132 3520 GVTT2 =0
133 -Lz 0
134 00l 340 1 1,11
135 340 V(I) =(V(1)-DC)&ZII. CRE*ICRE/PC!))**2*HJT'(I)A136 00 EabO K! 1,P4T3
137 &TRIAL = MTRIAL(KI)
13N tTRMth MTRPOIP.(KI)
13-- IF (NREPoLTFPFAPT1) GO TO 360
140 KTRIAL = LTNH:AL(Kl)
141 tTRHIN 1
142 360 AJTT z BJTT(KI)
143 TX = .CO*10
144 CALL RETtRL(Tx)

A*145 LJT =SOkT(AJTT)
146 !F (:SU.EC.1) PRINT 3007,AJTTUJT
1,7 KNIl" 2

I*;,, LK 0
140 KI.K 0
150 GVOIF =0.
151 GV0F2= 0.
152 C .... ... .... O SCMRJEOINGEF LOOP
153 00 600 1 NlfRlltjtNTPIAL
154 (TRIALCI) IETRIALCI) - DE)*ZZE1N
155 ECALC ZETRIALCI)
156 F-A =KACKI,!1
157 PO= 911(9191)
15k IF (SM(ltSMXTE~ISomR~toM~KJ19CteA'114'
159 * 940C o3i0
160 31%0 KLK = NUN *1
161l IF (XLK.LT.KUIP)I GC TO 420
162 P41N? 3010
163 CALL EXIT
164 400 LLK =LLN *1
165 420 IF I04AoL'.06A) ?#3A z MA

*164 IF 100.GT.Ni3L) ki! =NM
*16? KA(IKToll P A

NH(NII) me
169 "CALC =(S(Il/P(l))**2 4.(()t).. *
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SUHACUYINE FIPA 714114 GPT=J#QCUNa0 A/ ~ M/-fl,-oS FT*'!~

110 KSIPP = -1
III CoO 40 J3*KSIPP92
172 440 8CALCz2.*(S(.Ii/P(jI)002 * '(S(J*1)/P(Jl* *Z .UCALC
113 SCALC =FAC".8CALC*PH/3.
us4 ECALC =DB * ECALC*FACw
175 E1RIAL(I)=ETRIAL(XIoFACOR ofD
176 01FF =ETRIAL(Il - ECALC

177 1Ft&RCP.E0.N.UPTT) GC TC !t0
DO 560 K= tP

179 460 F'PLMK 0.Z
14 0 *41A = meA,d I

IA2 ~~~DC %J P
183 4"D FPL(K) =FPLIKI +AJSfH/5. ~ tqj

IS 11 ac COKIN 1.

191 D500 g2 = I st~rL

103 500 520M =1.PL(KeM

197 NL L.

19'GD2 OL =OM # DIFF&DFFLK-W

203 00E520 EAICK
20552 R(Kq) =CALCKJ P()*P~)EJ
19 540 IF I (NR.LT."NRPTT( ).06. (I.G..TIA I~ I.- (91

206 GVIF GE0MTOI.K) * ~ 12 3!F
207GDF CVF *......PN SIRCEtv(RlESL'
200 ' PRIT 308.VTT),EACUIL +,OFFCaLI)FA.(FA,*(,
201 f IF (NRC.L.1 PTc.K.0 1 GO TO 600

206 IF (I.EO.MTRPAL(Kfl) PRIfNT 302C

211 660 CONTINUE
212 If ((NftEP.LT.NPPTT$.aP.P4CH.PjE.1)) GIN TC 62A
213 C PUNCH 3018,%TRPPN9N'IAL
214 C PUNCH 3019,CKV(I),CEEC!),R88(I)AJTtI P'.TRMt.,N.TFJAL)
215 f.20 IF(LLK.GE*1) PPltT 3609,LL(
216 APLYT PTRIAL(KI) - MPMINEKI) * 1

-217 GVDF2 SORT(GVDF2/APLTS')
21 r GVST(KI,.AP) mGVOF2
219 GVOA = GVOIF/APLTST
220 IF CZSW.EQ*1) PRINtT .011,GVDIF#GVOAoGVOF2
221 00 640 1I 1
222 640 h(I)z V(I - CSE*(CRC/P(I1).2&AJT'
223 ,IF (KI.COGA0) G0 TO 660
224 AJTT= 8071#Z11922no60226 65C vII) Vcu * CME*(CE/P(ll**7*AJT
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SUOROUTI?.E FIPA 74/14 :PTzC99OUfl: Al SI' '1-00-.; F V.1014

227 6ita CONTIN4UE
221 GVTY2= GVTT:/FLCAT'.L-4PL)
22C GVSIU(NPP) = ;QTCGVTT2,)
230 if (NEP.E0.1) 60 TC 100
231 PPP1=N?'CP - I
232 PRINT 3012ONR41
233 GVT =GVtUMt*.P~
234 00 68~0 K: 1I(PL
230; OBAA = CCEFFI(K)
23;, 7 = S0RI(ERPCq(K))6GVT
237 7EPP Z ADSE t /WiAA)
23f, Gi-O PRINT 3Cl3,Kv09AA9T9TEPP

*239 700 CO 110 1 z =
240 710 V11) =VtI)*FACM * DE
241 !F CNREP*EQ..RPTT) GC TO AOJ

*242 CALL MATIVcOTEMKPL1.0)
243 00 720 K z lot.PL
244 COEFFIK) = LEK)
245 720 FRARPK) =AIHS(AL(KoK))
246 C .. *.....*o..C0RRETC71O% OF PCTCE.TIAL AD 014O(1911
247 VMIN = 1.00.10
24 0 00 760 1 IO
249 DO 740 X =1,PKPL
250 740 VD(I) =VII) # 1L(K)aFXlKvI)
251 IF EV(I).LT.VMINI VMI% V(I)
252 760 CONTINUE
253 TOM(l9lel= YOHl!,!) - Vl
254 00 780 1 =to",f.255 71,0 V(I) = VII) VNIN
256 1NREP = &EP
257 GO TO 26J
2SP t00 P0104T 3041

.4-259 DO b%0 KE = 19f.PL
'4260 COEFF(KIK = SOPTIAHS(ALIKE9K1)))

261 00 820 KEE =19KE
262 620 FPLEKEE)z (AH' AL(KEKEE))/C0EFF(KE))/CI'FF(KEEI
263 840 PRINT 30U2#Kl.IFPLfL)oL=lKF)
264 CALL POTTAe(GVy.AZERc,0oM'TIzALI
265 PRINT 3G14s.SAvPIN3A)9&3B90V'3R)
266 PRINT 3015
267 00 860 1 = 1,NTT
26- PRINT 3016.e0JTTII),EGVSTIZoL),L:1,NQPTI)
269 860 CONTINJUE
270 PRIN' 3020
271 PRINT 30I7,(GVSUM(I),11.'4YPPY')
272 PETUR14
273 3001 FORMATI'10*0 CORRELATION MATRIX OF THE COEFFICIEF.'SOIS
274 3002 F0RPATCII5,1CF1C.6,4Il5X,10F10.6)I
275 3e03 FORMATtli&
276 3004 FORVAT (2FRC.0*615)
277 3C05 FORMAT (411#9nicon)
27h 3006 FORPAlls PMP z 9F6.39119 PAMAX 2 *,F6.e3*99 'AC*KC c *,r1l,7
279 #/0 CCNVEFGEt.,CE CAITEPION IS ERROR LCESS THE. *,Cq.*21
V 0 Off NUNRCA OF ITERAT:C&S = O.13//* PAOAME'EPS CF TI-f F:*'r"r *ALT'

2N1 *PII*L'/' ANI'. = *F7.39PONAN 29,FT.3,' RE OF.*,p:!3I
282 3007 FORMAT It PISL&TS :F SC$H0EDIOCR EQUA':ON FCP .1IJ.1l :'.vis-j

-263 *.A1.0 ,I:'.I~q//4K,@OV GV CAL GY "CAS OW &-C 3W CAL

B-73

______ ______ __Nil



2A 4 v 4-c S(9'A) s(H Fol A us# of)
285 3L0e FORPAT (X!,F2'F15F3~F.,(P1.)~6

-'246 3(09 FORMAT ('ii PPOGAAM 41UCCUSSFUL. (MAX!r FFACMEC 99!, -796)'
287 3Li. FCQ14AT (0 .Cmft Poll SUCCESSFUL@)
28A ~ (11 FORMAT(/' SUM CF C:FF.:*.1PD12.%sf AVERAGE CEFF. =',01?...,'

2812* # RMS CF GV =69012.4/1
2903012 FCRWIAT ('0 CtEFFICIEt.TS CF T04E LfGEV.OFE "CLYICP'TALS AF'R Te:

291 #K P.O. '.12/)1
292 3013 FORMAT(* H(491299) =0v1PDlS.I~p9xof*6'S f~r(
293 # RMS ERR. F = 0D44
294 3.'14 FORMAT(/ 9rCCP"F%0fO 1':TFGOAT13% LIOITS '701% (~qe)~' F4.'

- 295 +99RPAK c.6'X,73
296 3015 FORMAT (114199 SUMAFT CF ER ORS OF T'1F !,iVEQ7[ PELTURPA-1'A. AFr,

298 *ACI.O//Xt@JJ *Owee8.~~e..xe1.7R~T.

29Q RIC FORPAT (lX9F9.lIOFlO.51
300 3r1? FOR14AT WV AVERAGE$,10FIC.)

-'301 3CI A FORMAT(2!10)
302 3CI9 FOAPPAT (1293016.9)
303 302C FOPMAT (1X,57f2--))
304 3021 FORPAT tb(129X3,F?.C)/5(!29,3vF7.0))

4305 !0
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FU'kCTICh SCMP 74t/74 eP1:Zv' 0U'.D= A / 4/-no-O7 FT'.
00:-LONG/-CT .A6&z-CC"4MUN/-FZ EEOCS= USFF/-FI XED~flH Till SR/ SL/ FP /- '0/ -4n/S .'L

I !NTEGER FUi.CT1C.d SCSI (j S. EPO.P.PA2ICEFACUI
2C SCHI;OCDII.Gffi fOUATICN SOLVI'.G R.3UTI'FJ Fro V;J..2+(E.V1*P'''

3 C Nt:1 PRINT ITEFATICNS9 tCTHEPUISF NOi PRI%.1C!'T
4 C NS=I: PRIN~T SOLUTIIT.S WITH EAC~4 EPIC-GY LEVEL9 C-Hr 1b'. '1
5 CCPP:-N/A2/V(.i 3)

6 COPMC%/A4/S(Z4C3)

20 COPNTJUE A#

2 11 LPI C&T*A2
24 b~IF R% 09~[c
20 DO 16 (RMA 1,LIr/FT fk.

25 16 C=NTI0U

1 C ........ ETERMNATICi OF CUER INTEcRAT'7k LIT
32 00 23 IPP = IONa%
33 LCRT =~ IPP
3I IF tV(LCT).LFEJ GO 70 23
20 23c CONT INUE

2171 KERR =12
2A IF ILCRIT.LT..P) GO TO 63

24 I-CRI = 0.
25 00 10 IPP 1= LCRT~
26 LCT =LR1 IIPP
27 hCCRIT *SOT ;RT(V(PP E)

2A IF (ICRIT.GE.20.0) GO TO 33
24 301 CONTINUE
30 33 PFA =LCT

32 00 23 IPP= 1.4,1t

34 IF IV(LPPT).EJ 6O TO 130
35 3 CONTINUE

3 150 1 =(I 0.
4 DOA30 IP =A LCRT1

51 C...........TY =TRTr? LOON

42 iCRT=WRIT*SQI(VIPB-- 75I3I MRTG.0f)G O3
Ii ~ ~ ~ 4 I0 CONTINUE__ _ __ __ _ __ _ __ _



t.FUNCTICN SCHA 74/74 CPTx:CpiGtfD A/ M/~/-rlv-D; F"%.~

56 Da 6C 11T 1, #OX
57 c ... o. ... -TAPT 1P.WARD jl.TFrA!r.
SP s(pul I.O-Ic

5qGi = V(MB) - E
60 GI =V(MRII-) E
61 AMOx it'1N *morLOA-(Ml'11

63 TA = 1.00 H VmG' l(8

64 TO=4: 1.01 - V*GI)* (Pli-1)

65 M =mH-2
66 34. TC =e TO (CYtS-TA) # Pf2.GI.'(M.1)?
61 6I1 VVA) -E
6-- 1~(") = C/Cl .0D-HV*Gf)
6- KElt =3
70 IF CS(M).LT.i.')D. ) G) ;( 83
71 IF l(f(Mi.LE.SC".I))G) -C 46
72 VA =TO

74 "=.-

75 GO 7C 36
16 46 14SAVE = M
77 PM SCM)

7 VIN TIC/PM
T-. D0 43 J =mm
so 43 SCJ:=SCJIPM
SI C................. START OL1'hARO WYEGRATI.-I
12 ,(MA) =1.00-10

A3 VA=0.003
94 6:IVCMA) -C
85 TB =(l.DC-HV*GI).SCMA)

Q6 ~ 00 46 1 MAI-19M
AT TC =Ta + ((TB -TA) + H2*GZ*S(1-1))
81 S 61 =V(I) -1
80 S(13 = YC/Cl.00-HV*Gl)
'40 TA:T14
91 46 YR:TYC
92 PM=SCH)/P

93 VUT= AP
44 YM=TC/PM

95 00 50 JZM,4W
96 C S(J)=S(J)/PM

98 OF =0.0rno
9. 00 53 J=MAt'mR

100 53 OF= OF - SlJ)*sCJ)
101 F =(-TOUT -TIN + 2.lOO'TYM)/H2* (VCP4) r )
102 DtLO zDE
103 DEC -F/or
104 If 60ZC.)G TO 56
105 EPRIJ =E*FACM
106 OCPRIN = CC' FAC"
107 PRINT 23, IT9CP!INf#OF9OEPP !tNMSAVE
ICA 56 ECL0 =E

-10' E=E +DE
Ito0 TEMP =ABOCOLO) -AM (OF)
Ill IF (TEMP.GT.TEETI Tf:ZT =2KP
112 IF CTEST.LT.C.0O0iJ) GO Tr FO
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FUt.CTIC4 SCHO 74/74 CPT=C, CUkO: A/ S/ M/-09-0 rye

11' IF tAHZ.(E-fQLU).LE.AHs(rrsi1 GC '0 f3
114 6( COIt.T.1.UE
11 i SCH7 1

111 C .. .......... COU.T t.00E-
1ie 63 SCH =
119 66 Ky =0
120 00 73 J= Lv.2

123 715 CONtIN~UC
124 c ....... CMLZ
125 St.=s0PT(-H*Df)
126 Da 73 1J MAtMkS
127 73 S(J)= t VI
12'- C ........ RIT SCLUTICN
12- IF (tS.&E.1) GC TO -IC
130 PRINT 2049KV.E
131 PRIN" 20'9(I9s(I)vT=1,m8,tPsrai
132 SG EOZE
133 RETURN
134 83 PRINT 23?,KENR
135 SCHR =2
13C RETUCK,
137 201 FORMATC'1696 SCb1P- SCLUTtnN fF RADIAL SCHR. ECUATrC'. F.'* V= .~.
13-f *XsfETRIAL' .XPEI5.7,' (I /Cmis'I

140 202 FORPAT49 KEPI =*,C.,' O.FF FGATIO& -. LUTIC. '-C.NO-,UF FAIL")
141 2C3 FORMATE///l1i.2X91P4f*16.795X,. THE C0.3SSI': PT. fCCUG" A- 0*14
142 204 EFORPATE*1 SCHk-SCLUTON~ OF RADIAL SCHiR. FOUATI-Th Vr'J V 09!1.9 F=
143 *',IPE15.7I*C IfIK.'S(!1 695(20"f-i
144 ZC5 FORMA7(bi(I591PE15.7))

SUHri,'UTI:.E PLL.Y'.

3 C THE ARRAY X W;A TO lIE IfI.C1-[AS'.fG rg:D
4 %M ±(t4PCLYl)/2

5 KMI NM #1
6 NUP NUPXK # !.M! - r.PCLY
7 DO 2 J = ?J41 9 UP

IF (XXX.LE.X(JI) GO -C 4
9 2 CONTINUE

IQ1 J:NUP
11 4 L=' J-04M

I :? LLL=L 4 NPCLY -1
-*13 FOLY. =C.0I14 00 6 N=LoLLL

is TERM =1.0
16 00 5 M LLLL
IT If (K.NE.Mf TEft" =T&4P~fXXX-XE"wW/X1pc)-Xgu))

5A CO NT INUE
19TERF. = (KI.TEAP

-20 6 PCLV N=POLYN *TErti
21 RETURN
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I SURRJUTINC H NTI.L (TV I
-C THIS SUHFLUY;I.C CALCULAYIS THE VALUIS: F' T6AL A-a -4 -P:At.. *v

*3 C %TRIALIF THE VALUES A04C TAKEt WHICH HAVE 0!:'~ AA V F3 ,
4 C QKu DECK.

5 OIPE'.SI~f. IIA(lII~)
& COPM~hOl/ufl2C.10)9PAUUO)
I COPMOtiIAtIERIAL(1I.),kITRIAL(1GL~,AJTTp' T4IIAL.KV(IL)-

AIF CtdRIAL.EO.L) RETU~ft

10 NTN~TRIAL
it EdzC .
12 D0 40 1 = sl
13 KV4Il = NC

15 ANdV =FLOAT(1I -C :.C5

17 00 10 14 = 101
10 NORD =IM1AP

to IF (1NGB.EQ.01 GO TC 2G
20 NAB NAB9 #1
21 FACY 1.
22 TZA(IA)z 0.
23 DO 10 Is 1,I OPkD
24 TIA(A) VIAI FACV.YDII(IHtIA)
25 10 FACV z FACV*ANV
26 20 TI At fiAg I)=C.
27 ETRIAL(I)=O.
2k 8TRIAL(Z)=0.
2' FACJ=1.
30 DO 30 IA z 19 .Ah
31 ETREIAL(I?=E!FlALlI) 0 YIAIIA)OFACJ
32 AJA='A
33 BYRIAL(11= WPIAL(I) YJA(IA*1)*FACJ*A!A
34 30 FACJ=FACJ*AJTT

35 IF (ETRIAL(I).LT.EC) GC TO 5C
36 IF (ETRIALII.GT.TX) GO 't 50
37 40 EC = [TRIALtI)
3A GO0TO60

39 50 NC=NC -1
*0 6G KTRIAL = NC
4 1 RETURN
42 ED

I SUHI.AUTXIF.E -LIGE' (1)
2C THIS SUlitsCUT:%t CALCULATVI 'NE LEGEPIFF PIILYVf*TAL- YPI tiT "*.

3 C CF A RECURS:Lh RELA1 4CI. Af.D P'ULT:PL!C!$ 'P 14T AP FXPP'rTAi. Cl'
4 **c CFF FUNCYIC'. A PCOLiPEO F02 IM C-.'PECTO?14 ftI.CTICI, %Jt:CN H 91-
5 C FEES THE POrf&TrAL AF7Es; rvrpvy ITERAIr%.
6 COMMH:PN/PL/YPL(E)AAIAA2AA2?aPL
I ZZ: (Z-AA3)/EAAI*AA2*Z)

YPLIII =1.
YPL(2)zZ?

-. 10 00 10 1 =3skPL
it At I
12 10 YPs.Il): EYPL(1-1 )eZ?.12..AT-1.)-YPL I-'I.&(AI-1.)IIAI
13 FAC: ZZ.'LG.3.
14 IF (FAC.6?.51j. GO 'C 20

if 1 A FAC z XPf-FAC)
a,16 G0 TO 30

17 20 FAC20.0
lp30 00 40 119PL

1* *0 VPL(1 =,PL(Z)*FAC
20 PETURk
21 END0
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SUI4qOUTIPE PCTTAM 74/74 uDTzO,-0U.U: A/i / Pt-!3,-0 F' .1;:
00-OG-~AG-OHK-.E9S USEF/-FEDvah: To/ CSi IL/ ''-rd fi-

I SUOPCUTIP.E P.iTTAB(GVTA7rO,t',IJ'P!AL)
2C OCUTIt4C FCR :t.TERPOLATION OF IN.NER A!.0 IUTE 7uV~.!fG PONT4

3 OJPCENSIOta Z(521)

S ~COIPr.NITI/X.(24C3) ,YR(2%.3),r.U*dP0LYPCLT'.,XXW
6 C0PqKSA2/V(24"31
7 C0MMGN/A3/P(2%3

COP0h/t~EX/X-:(S21)q:(i21),
COM4Ck/TN1/#AL(64*6q)9bLt';q)

10 COPPCt,/PL/YPL(Lt),h*IAA2,AA3,'PL
11 C .........EAtCu4 FCR P'Z?.1P9U'
12 cc 1.a I 10et

14 TX = V(11
15 00 15 1I 2,'
16 :F (Vtl)oGE*IX) GO TG 15
17 TK=W(Ib

IMIN4
19 15 CONTINUE

20 C ............ it.TERPOLATIC?d OF THE POTFNTIAL

22 OG 30 ote=192
23 t.A =1
24 NB=IMI&
25 IF (tNP.EQ.i1 G6 TO 23
26 AXI
27 %a="
28 20~ 00 25 1 P4A9NH

2 3 KUPX= I * 1 -l.A
30 K=1
3 1 IF (1NR.C.l) K =I"I!,*
32 XN(NUNX) VEK)
33 25 YR(tNUXI-P(g)
3, 00 30 1I 19KYRIAL
35 xxxEEC(IP
36 CALL PLLYNN

-37 IF (NR.EQ.1) AlkkNE!) ZPCLT'.
3 q IF (NR*E41*2) AOUT411 POLYNj

39 30 CONTINUE
40 C .... *&e*..*.PAINTCUT OF THE TUAM'.G PO19'S
41 PRINT 101
42 C PUNCH 101
43 00 35 1 = lv.TR:AL
44 TA=I-1

46 IF (TA.Eg0l PI9.T 161
47 C PUNCH IG2,IAEE(I),AIN40(I 3t,UT(I)fI(lI
48 35 PRINT 102,XAEEEII),*J%Nig;).AOuTEI).HMB9(:)

-49 0'. 40 1 o
so NoM x P(I)
51 40 YR(I)-V(t)
52 .UNKX ="
S3 IAz 0
54 to z N *I

-5 00 55 1=19Nt
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SUBROUTINE POTV*U 714/70 OPT=CqkOUk.O= A/ 1-f F' ..FT'

56 X111
57 lF (XXX*GC.P(1I) Gn TO 45
sb IA =I
59 60 TO %5
60 45 If C(X.LE.P(#*) GO -C E"'

62 607TO60
63 5o CALL PLLYN%.
64 ZJ(I): VICIP - POLYP

66 55 CONTINUE

61 60 IF(IA.EQ.01 GC !0 7

6'1 ZI(I) 1X([A.1l

71 70 IF GZ.Q4~.) C 70 EC
72 no0 75 1 I lw
73 Z11I =Z1iel-1f

75 C ..... PRITOUT OF THE FlhjAL PCTCIA'IAL £9.0 'F '14 '!TAOA,'0 EJ4
-76 PC PAIN 103

17 00 99 1 =1II

7r. CALL PLEGENIST)
PC STzO.0

PiC 00 dS K 19P.PL
82 C R5S ST =ST O L(K,1)*YPLIIC)
83 C IF IARSSST).GT.1.CD-6) GC TO 91.

84C ST=O.o

86 C 94 T!'u.Oi. 
00 95 K = N;

90 ~~~STCSOT(fSS *T

92 ICI FORHATI1"l,' FINAL SET CF TUP'.ZNYG P0It.7S//!X9IHV0XqlL(u1J*1v
93 ..*PXN',11x,'RPAX',ICX.*RV'100'/)

tCTCTID OF 102 FOPAT MOLECI5LC ICTAL F1)69I5

9510 FOMT IC0FNLPTNIL/1X'ft~oLPIv!o"-:At

96 *2XvER 0-80/

9_ _ __ _ 10 OMT449P2*932jY

98 -E~

END -. *
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2.22 11418!41J.0G fi.0!16.b15PC*CS 1.50 65r C261'*02 1.~414t, 1 ircc:
2.2263972980.00 6.21(432.57?D0C3 1.49c?4FI60*02 t.1114!4'20c*C:
2.2316162370#00 6.3IeC825t970.0! 1 .4 1j5A9 20#02 5.1'3 E2aSrr.C
2.2363064050*00 (.!448027e&D*03 1.4r41 j3r4Q[140? If-!2!.c

-,2.2419(64!!0.00 6.70236113PO*C3 1 .4 76442 !5fD*02 5.6564j4(C~r.C1
2.241106855D400 E.871498643D*C3 1.46-5692A1I).02 s:,33rC
2.252220 10 I10D 1.03421106E80C3 1 .46C5 I 5P In.02 2~.C
2.2513105640.00 7.1964Sd12;C+C3 1.41523061700.02 5.t2113c6.24r.cl
2.2623195010.00 7.!583571130.03 1.44395C6370.02 I.,43lF'C
2.26742I441fl00 7.51S7059580.03 1.4354kj51490.02 5.42'(2!17!r.
2.27245764(-0#00 loEAC713G67n*C3 1.42E 07643fl.32 5.z31631i'c1r.*c]
2.2Y74691010#00 1.e413466!(0403 1.4lr2!QV7CO.02 3E1'0
2.28246355iD*00 6.0014752 C1O.03 1.4C'-4S-4447D*02 5.274fo7Ffl1r.43I
2.2i?44200)0.00 b.1611672660.03 1.4C.o&F,420'0*C2 '.22'-4Fcrcj
2.29240t53940.00 6.320421585D#03 l.3Clel9Z500 .C2 %.16cicAG423C1
2.29 73546110.00 8.47923674e0.C3 1.3t4211!jcef.02 !.11(42'IE(tCC
2.302290!490*00 A.637f6116D*G.f3 1.37ZS6926cno.2 .(4~cCrc
2.3372140160.00 eOS555452070*03 1.!650013170.02 .:Gir2rfccool
2.3121256100.00 8.9530362780.03 1.356015 6650.02
2.31702EE940*00 5.11008415f0.03 1.3470167E -D02 415~C
2. 3219113820.0 0 l.26f66815210.03 I .33vO 1 417D*32 4.P4;^C 11 iC 301
2.326198(010.00 9.4Z2845hi63D#03 1.* 2901IS66D.2 4,ypfv5csr~ci
2.3316110100.00 9.!70!58222D*03 1.320C1440CD*02 *ol2'r642244C#Q1
2.336535258r1.00 S.133823E-190C3 ',.!1102-C520+02 4.fE13!O(EC*Cl
2.3413S19890.00 5.888641SM9003 1.3)2c52fRCn*G2 ..(1r142461r.cl
2.3462417910#00 1.0043011520.04 1.21j 3OS4CFPO)02 4.!!cf-(6t0!ri*0!
2.3510852!90.00 1.0196533120.*L4 1 .20 41 '41 4i-;fl.!cUC?,5 ) o
2.35592257!0.00 1.30048. 4 .2 1!23;. cC40 2 4.%41 4!111r*C1
2. 36075546 !n*C 0 1.0!03426&50.C4 I .26f3 4965 zn.C 2 4.3,1JE$;;ro
2.36558!2740.00 1 .06155cs 7'SC*.4 1 .?574 7 7!7Ci.02 #4.!322,?4rlCj
2.310406S100.00 1.OPC8I110.uc4i 1.24 c63fCipeU*02 4.;21'3?4i4rsC1
2o3YS22fS7V0G 1.09!S1-6kCa.04 I . -- "- 21 ' 74')#C 2 .13 r.
2o3i3043682.'00 1.11 11OC3110C4 1.2 !I3C4 36ct.)*O1e ~ 14~
2. 38 485 1710.00D 1.126116Fd2D*C'% I.2Z;2761&0.*02 4.1(j4622-4 C4C1
2.3A9f656320.00 1.141207ii4fl.04 1 1 ' 44' 1'r0.02 4.4-24SLPE.C
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2.43495!t8aDo*0 1.2C3,2Td166C.* 1174D.J

2.42332A.4060*00 1.245153IS30*C' 1.1t'151~s.Ej*a2

2*43294i704OC 1.214441764C*C4 1.13(Cl C61f)*S2 .%
2.t3?IIC6O@C 3*I4l*.1VC 1.127!e(4 ,6'.*32 3442.r~
2.442513,;660#00 1.303547412V*64 1.11 Cc32r'21*G2 .,skfrO
2.41#7391229n#00 1.3VrD31c5;'D*G4 1.1ICE1?C630*02 .7CErG
2.4522115150#00 1. 14OC471)4lV 1.1C21!f?1ClO)'.'. ' t.2

2.4618621elDOC 1.361209140C*94 1.002042r9).32 3.22 l241flr*C!
2*4666S!2140*00 1.!155cs',7u~)c4 1.C1E1,COtr'02 3.17f ?4!4,r.C:
2.4715?B62AD#OO 1.38S7644620*04 1.06.274330*0~2 3.12'2I21!-roC
2*47636;!90D*CC 1.tG3973115r.C4 1.C!Q$02G2 0*2 3.c"j1c2fC2r.oi
2. 4r.12134710.00 1.41631357CO00#04 1.0!1322'-220*02 3.C2'14Eor.0j
2o4 #stOa 3klSD.oo 1.4322t2182t0.04 1.042A32P11o2 2.9121pc--11CEr1
2.4309193240#QC 1.4463225110*G4 I.C3432 !31fl.C? 2.52?Pf427ro.
2. 4957839170#00 1.46L 3466670.04 I.C25FCCE fl.*2 2.61 !V1w. c
2.!006486900#00 1.474324548fl. 4 1.01?26F.,qTD*32 2.-124j3E4;r*C1
2.505522SS50*00 1.481b256?22.)4 l.L ~j.6qC5f,(l*3? ?.11s1464:ct.CI
2.5104040LO10.0O 1.5021414eySC*14 1.CC1OD'822l.2 2?.72'?(1q4Xf0c*Z
2.S152S27q'!0.00 1.!I591i04!2D.04 9.914P9F633t!.01 2.fTCS44271r401
2.520187S31D00 1.t291129513.04 9.62, 357LSV7fl .3.,ErC

2.!2!5112T7D*0G S.7414796040* 1 2.lPFC 1EO1~r*G!
2.5330026430.00 1.!5721653EF.O4 '.6541qli1rI01 2.t-!, j6t54;r#Ci
2.!349223!40.00 1.573A7150CC.34 %.5fl04!1 .01 2.45
2.539950631D#00 1.!a447?c49o*04 S'.47e.' .1649*.01 2.44F5.11!2r4Cj
2.5447682!0#00 1.!SfP031'-C1'.Q4 cv.!01-7:2760,01 24!14r~
2.!457342340#00 1.61155045!0#04 S.3D0t53273-n.0 ~ 6123rC
2.554(501:4u*Qo I .625016E160.Cq S.21cflie7!5flC1
2.5596558010.00 1.631P,35'415C*04 S.12C! 420'' 211.-*C3flC
2.5646315690.00 1.6!18083271.4 9.C2cSY,!70)#Ol
2*5656176950*00 I.(65I!31fi3C#04 k .43,107110y)*0I 2.lel!-4. 36tC
2. !746144Ri0.oo j.67b*12I4P5D*04 F.E%5PSC15S1o+01 21!'f nC
2.5196222200.00 1.16916435040004 2.1504Z66D.01 2.1
2.5.~46412010.000 1.76482166112.Co A.E535476t al 2.E!.i21*C
2.58S6?1410.00 1.1111961#6010.04 A.564r5I!3fu*Gl 2 .12! !6 :r.C!

-~ ~ 2 25Q47140800#00 1.7310542480*04 e.4f6q713t9 I)*01 19331E'
2.599760 ! 4!0*00 I .1440965180.04 .3737F5311l0.C1 1 .1441712 ! '.C2.6048354220.00 1.7570913710*04 6.2?6q345s~nfl ~ 1.90 qlfK3!fl.C

*2.60991498E0.00 l.77003866640*C4 A.11'259C4Cn*fl. 1.167115S2.
2.61 50015100.00 1.18295811090*04 L.c#P06571,94fl'O I .E2'c443 31;r.C!
2.6201134'500#00 1.7951904620#04 l.SeP1I1V 1260001 1 . !*
2.6252329070.00 1.8085941610.04 1.L-O72710ri.01 .! 11: f*E
2.650 36627a0000 l.f2l3!12!kO*C4 7.7 3213no 11 t I C2 C 3
2.635513&0050#00 I.R340!97760#04 7.67692129ht3.O1
2. 640675831DO00 1.8467203070#010 ?.053535177I D*01 l.E'-4!7CI1f:*0I
2.645852E610.00 3.8593321640.04 7.461099825n.O1 . I;7ro
2.6510445600.00 1 .871896siED.O 4 7.36!&5!7180.01 I *'I 11! f~f ftco E1
2.6562518ql0.00 1.894129690*04 1.251124?70.01 .45!1Cf
2.f6614149110.00 1.0966805!30*04 7.141-5246540*01 1.1 16C'V
2.666713S54D00 1.905299852r*.04 7.04Io. 342330001 i.1i;:3Itcl
2*611969336D#00 1.S216l0ip1eo*ai f.,3ID1'-O1)*0

- ~2.6772413610.00 I.S339920170.04 fi.I20lC43S'#v;*31 14(122'
2*6425303590*00 1.94L2tb .820*.^4 E.?Ci0297I2l01 13-261jr2
2.6318366200.a00 1*9!P4892290CG iE.!56 3331EfD*01 .4!31C1
2.6931604910.00 1.t*416.4 64rc4fic2180s31 .231ECl
2.6985023080#00 1.9p;79040i0.0q f.5649 3%9C60.32
2*7039623510#00 l.5ist,671190.04 6*24i25CIT20.01
2.7092410150.00 2.006A946120#04 6.13t312117D*31 1.2!P?1-l' c*Cl
2. 1 463m60!oto0 2.01 Ta2!!59f1.0q oill I32330Lflnoi I 17 K

-,2#7200554560#00 2.3boloc t.r%10P5162D0I .~r3PC0
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2. 141S223t2D*00 2.0? 015CE *0(o. E.3,- 33 j-n~k-aj

-' ~ *2913140#00 21 9?3.) ."7.7P0

2.71851'59000 2.112O700656O4 .53l2D0
2.?6468.a65!O00 2.12OC23f55o*C4 4.S 3 -- 4 .1 -.?-4e(c7?4C'4

- ~2.199S71*4A1D0O0 2.1395i32(5I04 4~.&163~
2.80 S86CE80*00 223!071.4 ~ '42~ a.2
2.80612000 2.2l*?1E~2!ofl.04 3.a'CCL340 -. 0626cr.*C

2.71466 5!0000 2.122e5SV*C*.G 435737:11) 4"OC -- 4,75 !r1

2.7923e8!280+00 2.IP2S5705560.4 4.222 17-6357P.014: (4~c
2. 71 12A670D00 2.11251 62E2i*0.4 7.C 6232,1*.1 7.41 ;1!mC.

*2.850 62c80.00 2.206h8l66D04 3.1046C465 10.01 72'?''
2.A8361000 2 .2803145!0*04 2.9630607620.01O
2.I58011250#00 2.229115~6!0.4 3.adIIF'O7676!O1 1.F r!Et44Fr.C

*2.85l628300400 2.3018260iO*4 !.151171757l.C1 7.ECl1614;r~..-
2.o2711571.00 2.324629G.34D*4 2.392'- 5!Ci6,0.C1 7.41 4.
2.6299510000 2.2!B351 790.4 3.324C0C10001 7.1 1('F?2' * 1'4C
2.83P902628D.00 2.26S5831580+04 2.106464C 20'*01 6t CCc.
2.6#106370D06 ;2834406C20*04 2.C36072*1
2*esso2540*00 2.291133-730#4 2.94tQ~44233O.01 c.1011fEn41.ce

2.85i933056000 2.3*,185260#64 2.f74O27-C7E610C1 .14-1,"V
2.0628148520.00 2.3124663!40O4 2.t64453610f..01

2.8688615390000 2.32305179004 2.3k4C7012f.0 5.1jjj!,jC

2.87914976000 2.3358E315804 2.23!?77660(l. 4.9~CC74~l*c'
2.687100!600 2.34$03660#U4 2.f e26C'f).30*1
2.9312~036!00 2.!45~4P7!SDC4 1 .994C 462330.00 .70'1 7jft7rC,
2.893319056D+00 2.345C523025D.4 7.502h~flDC icfrP.0 4.015'2.t0

2.9058263'0000 ?.313574Pf.c~4 1.34572fC3V*20;F4LI7rc
-,2.95201q2540.0 2.355623170U04C 4C21106!i').00lr

2.95 700345400 ;.4c657V666970.4 I.042Y6264000 4.24'F q4r~c.V

2.92655#S0D.00 2.41521ic6i6?LIj'4 1.006100#?O31 41'E2;4!1,7r #C
2.97011220.)00 2.425f49093804 A ~ .l57e4#-3 2'11)00 4.731 s
2.9768019020.00 2.4945873&tlSO.4 71.35C0 E5-1 Y 00 .04!!*O
2.9439210400 2. 457 41252610f 4 f . 0 1452Cr 31L) -0 W*4~scsrc

2. 9504 2840 100 2 . 515 6159 18 4 #0 4 -4.t02!4410.0 4.1!1r9fEc,
2.t970471000 2.453097404 -5.01!E93CO.00 - .2141c5r*'C'
2.960S60510400 2.5219670040U4 47.1qwiiE4;?r.O
3.901612 20.00 2.4e403M*6004 -A.5578Q61 100.0 4.n21 3q0 769IC.0.'
2.0752120*)00 2. %945l20130*0 4 -1. !046E 0'0*00 .S .(137C(7P.Cr

3.CY024595580.00 2.563415740.0~r4 -1 .3072443560#00 3.12!4?6'7Ir.
2.9969437740*00 2.5239025.820#04 -5.7Sf5931C 9 00 3.1j!47,E53(1CO
3.00387140n00 2 .!396700#04 -719239q22100 3.0 ?E~cC ZArE
3.010621281D*00 2.5417386260*04 -1 .55?3C77157D.O 3.94!S?3U.cE#-
3.01 52719210.00 2.!'!66235210'04 -1.GO6'i1052AD#01 2. 3!'iScC34c.C
3.029445410,00o 2.560554317404 -1.14!7P5'70.1 2~66 3

3.03eti06!40.00 2.!6 35f2R0#04 -1.4253134Ifl 30.01cec~l
3*0455477IDaO'i 2.161243U404 -. ,ePC7.I 2.993516133rC
3.05266S270*00 2.!66M92150#04 -2.21('421352C.01 2.S2!S5ce?(4C*C'
3*0581041DOGO 2.64S541%7l0.04 -i241?11S01*1 2.r!s5E4161r.C

3.1 34 18 9100 2.62319246104 -2.G 5753v.C001 2.2611 't.
3.01 14950.00 2*6312244!E3fl04 -2.147O5C'01 2.(27(!Cfi r4Cr

3.109632000 2.64 401751(,D4 -2..41%9a*1zih.01 :. .4^C!4 Of'.C

3*12675206!0*00 2.6829931140#04 -2.93z^P~ci.7C0.01 2.?4!1(!!iC*C

3.1422398040*00 2.fi995;04-iCS0*04 -. 4 3 0'1 2.3;(vCc
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3.16593!ae6cooll 2.72 33' I '1 004 - !.41E q I I Io.E3 1 svjtlrC
3*1l195Af~q!Ij.0 2.7317442300.C4 33~-0~3.~ .'.'474 !EC*.C
3. 142050e350#00 2. 75I ,PL5b!0.04 -3. E31'e3l-520#01 I.u EF !a',^ I c -b
3.1902104660.00 2.174672490#04 -3.12720i10WU*31
3.9§3~fuG 2*1Sb2;k4n%3D*04 -3.f 1111C, 211,10'.1 1.? fC
3.2061j313.!f.0G 2.?62 9 22!fiDC% -3.b%12;5sB30'31 1.

-3.21 SI0'E020*00 2.10541n 04.)Oim -3. 6T'Ec13V.c* 10C1ll 3oE.'
3.22!552714D*00 2.VI11Q12b3C4C4 -.. C3~7cjl1C2).*,1 l.f6fC61rlr.c
3*2320117110o.00 :.~5I~4.4 -4..-C2C 776A401 1.627!5114o2r~c
3.2(406613590#00 2.793Oa1j17CfO04 j-4.l77,?Cr0I
3.24934122e60.00 2.800372L1(D*04 -4.231,2?22,s ol 0'01'!?CC
3.2580q,4S940*OG 2.e0765ba510C4 -4.z0-741C5qD*G1 I 1 l
3.2669304?20.00 2.a14861YI*04 -l.3Sr5O6~Cfn*L 147 01,~n
3.21584948en.00 2.e2201436(fD*G4 -4 lliCl. .4#4!2(21 *ir*Cl
3.2a48539iIIJ.00 2.A2c0O' I5L0.04 .413jC4 1.41 l14fUCEECk
3.29394!7150#00 2.e36052b!U*0f4 -4.4f4!33CPfD^.1 j.!7'lc4!3'4r*Gr
3.303126S650.00 2.a430;6 1210.04 -4.4'72!3!!900*G1 1.!4T7'C4!PtL.0'

3.31?39E5.j0.0 2.849toU5270.#04 -4.s951f~j34cfl'C1 1.!E f,4*Cr
3.321765919f0.00 2.e56k6196940.04 -. 185*I 1 .2GfCt511 3r~cf
3.33122-iO300.00 2.8633S9345l.04 -4.56 C!4 fD*01 A.2!E!Sf(64!C*Cl
3.34'178e3060.00 2.8?J0412030.04 -. 5 11''0
3.35044911!0400 2.S61(625)0*04 -4.5(!3rC2f33D*C1 1.191131~ - ro.
3.360212S010.00 2.aP31264514004 451542' .7
3.3730822600*00 2.88l95!133!n*04 -4.5c;(3411633.G1 l4f-6;!er*.c
3.3800598090*00 2.S59153551*04 -4.P31'6543 1 14 .444zC*C:
3.39a14836(0.00 2.9022003020*C4 -45275'~1 1L C.C*
3.40013506510*00 ?.90e,4)1'2C5DC4 -4. 142'-' C.o1 C
3.41 0fi6inlc0'0C 2944i40 -4*534204097D.01 1~3 4 C ec
3.4211086880.00 2*9206141SI0.04 -. 062~l.1 1C~51P'
3.4316101210.00 2.9?6fG4430C4 -4.47j619q 76f).01 aj 9 1j~ Sc7'7,C~cI
3.442!590070.C0 2.932526%4104-C4 -4.41. 71rct2U*31 4.72:5.P;*tC
3.4531112480.00 2.93e3e2C46D*D4 -4.3%kS1 ?t &0*01 ~ 4iC4CC
3.4641288410.00 2.944129G130.C4 -4.!52411cs?~l31 q.2y:!2s2-4fr-c2

3.4864475160.00) 2.95543h37lC*Cq -4.24CO176,iligo3l ~ 6'~CfC
3.4918224980#00 9690100 4l5854.1 S'4%f-C
3.5a93468940#00 2.9664411540*04 -4.121?3clCf0.31 -9.414' 17 70C-Cl
3.!2102!1840*00 2.1718.!",4U0404 -4.015220317-0*11 0.20fqcE ECf-l-C
3.532862A600#00 2.911154 1200404 -3.97pF;?4C !r-fl 05~4c
3.544861S180.00 2*96?3941jNED404 -3.9014111550*01 1.hCVI 1lr-C1
3.5510302640*00 2.98155b2050.04 -3?537~l0 .f:353 ?1F(r-C
3.5693722950.00 2.9926463720.04 -3.7345e95cO.0
3.582893C.300#00 2.99165b4900404 -3.641452430*01 ?24ff(r(
3.594599,9040#00 3.002594463C*04 -3.55296t1io0 7.V3E 1i3!cr-ci
3.60 14S13990#00 3.0074542160*04 -3.45t~C4' I34fl.01 6i.13-1 ?'?r-c
3.6205924900#00 3.0122376h20-684 -3.35191*370)*31 A.6&)!-fc2c-01
3.633891i420f)#00 3.0169441960.04 -3.2t51)6371170*01 6.4 1Fl7t4pc-01
3e&47402t51o.O0 3.0215755100.04 -3.VE122tE040.01 f .31144t-4PRC-Qj
3*6611322420#OC 3.026129Th40.04 -3.G43qft84o.01 f.l!(104!(Or-Cl
3.615088!260*00 .!.0336075830*04 -2.9344715palD.01 ).S44c!0C-C1
3.649279866D*00 3.0350066M*C04 -2.e2215I410#01 .%t42CI

A3.703114S42D*00 3.03333040*04 -2.ICII672P !C0.1 62S!C1C
3071ps0030260*00 3.0435S19640.0C4 -2.5*4025650*01 .f!l~-rO
3.733353SBID00 3.041?53?29L0.04 -2.47PS9113?0#01 v).3Cl!?f 14r-c1c

-3.7485779060*00 3.051BUSS680004 -2.5E1199-4700*01 h'.14; 2 t3%PC-01
C-3.76408614f0'00 3.CS"586115fi4 -2.2%fs43'10.01a 4.9PF43!!7-C1

3.115Q900520C 3.05SA100430.04 -2.12(t32(430.01 4*4!31156I(c-c1
3.7'3600216!0*0@ 3.0&36fiaf?7oq&* -2.oW!257 555ODo1 .75C5CC
3.81?4352;0*00 .06146531000. -1 i(ie 11
3.d2S204!29D*00 !.O1117c34tD~4 11 ?1C'0f .3 144CC
3.6463237260.00 3.8146156(240'C'. -1.f!76077670.01 4.23'f!f efcC-CI
3.8636149!O.00 !.&?,133AD0b -1.54?6172'h4b.01 4.CC;cqqc(Igc-01

3.a9S94'11451.ao 3.C~le2fl253IL.0, -1-'17!4 4C 1001 3.2 !C30-Cl
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Appendix C

Supplementary References

The following are references which contain informa-

tion about the reduction of spectroscopic data and the construc-

tion of potential energy curves. They were not cited elsewhere

in this report.

Albritton, D. L., et al. "An Analysis of the 02+b 4E-a 4 -u

First Negative Band System," Journal of Molecular Spectro-
scopy, 67: 157-184 (1977).

------ , A. L. Schemeltekopf, and J. Tellinghuisen. "Least-
Squares Equivalence of Different Representations of Rotational
Constants," Journal of Molecular Constants, 53: 311-314 (1974).

Albritton, D. L., et al. "Rotational Analysis of the
A -X27 9 Second Negative Band System of 01+,'' Journal ofMolecular Spectroscopy, 46: 89-102 (1973).

------ "Resolution of the Discrepancies Concerning the Optical
and Microwave Values for B0 and Do of the XE

9 g State of 02,"
Journal of Molecular Spectroscopy, 46: 103-1118 (1973).

"Calculation of Centrifugal Distortion Constants for
Diatomic Molecules from RKR Potentials," Journal of Molecular
Spectroscopy, 46: 23-36 (1973).

------ "A Critique of the Term Value Approach to Determining
Molecular Constants from the Spectra of Diatomic Molecules,"
Journal of Molecular Spectroscopy, 46: 67-88 (1973).

W "A Direct Approach for the Reduction of Diatomic
Spectra to Molecular Constants for the Construction of RKR
Potentials," Journal of Molecular Spectroscopy, 46: 37-66

* (1973).

- Aslund, Nils. "A Data Processing System for Spectra of
Diatomic Molecules," Arkiv for Fysik, Band 30, nr 35: 377-396
(October 1965).
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Constants of Bi2" Journal of Chemical Physics, 64 (8) (15 April
1976).
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Evaluation of the Rydberg-Klein-Rees Integrals: Application
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Herzberg, G. "Forbidden Transitions in Diatomic Molecules, 1.
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Journal of Research, A28 (144): 144-152 (1950).

Jeppsen, C. Rulon. "The Emission Spectrum of Molecular
Hydrogen in the Extreme Ultraviolt," Physical Review, 44:
165-184 (August 1, 1933).

LeRoy, R. I. "Energy Levels of a Diatomic Near Dissociation,"
Molecular Spectroscopy, edited by R. F. Barrow, D. H. Long,
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McKeever, John W. "Second Order Rydberg-Klein-Dunham Curves,"
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Pl'iva, J. and W. B. Telfair. "Correlations and Accuracy of
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